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Abstract: The following work is dedicated to measurement and analysis of Raman scat-

tering spectra of different perovskite ferroelectrics, mainly lead-based relaxors in the form

of bulk and thin films. Investigation of single crystal MPB composition PMN-0.32PT has

shown that procedure of zero-field heating of previously field-cooled sample leads to sta-

bilization of heterophase pattern with 10-100µm parallel stripes of alternating tetragonal

and rhombohedral (rhombohedral-like) phases. Another point of interest investigated in

PMN-0.32PT is rhombohedral to tetragonal phase transition induced by electric field.

The domain structure with 90-degree domain walls has been observed in relaxor based

composition PFN-0.38PT. Adjacent domains were investigated by polarized Raman scat-

tering to confirm their structure and symmetry. Relaxor ferroelectric PSN has shown

totally different behavior in polarized Raman spectra if studied in the form of single

crystal or epitaxial thin film. The normalized cross-polarized intensity of 810 cm−1 band

measured in PSN single crystal shows clear polarization dependence with fourfold sym-

metry, while in the case of thin film it was almost independent on the incident light

polarization direction. Thus the epitaxial films of PSN show relaxor behavior, while sin-

gle crystal form of PSN is found to be in a form of well-developed ferroelectric phase.

The MPB ternary solution PIN-0.46PMN-0.3PT was investigated by polarized Raman

scattering and has shown only one phase transition during heating from ambient condi-

tions. It has been shown that photo-induced defects can be generated in PIN-PMN-PT

by illuminating the sample during the passage TRT on cooling.
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Abstrakt: Předkládaná práce se věnuje měřeńım a analýzám spektra Ramanova rozptylu

r̊uzných perovskitových feroelektrik, zejména relaxor̊u na bázi olova ve formě krystal̊u a

tenkých filmů. Zkoumáńı monokrystalu PMN-0.32PT se složeńım odpov́ıdaj́ıćım mor-

fotropńı fázové hranici ukázalo, že při ohř́ıváńı vzorku v nulovém poli po předchoźım

ochlazeńı vzorku v elektrickém poli docháźı ke stabilizaci heterofázové struktury s

10-100µm rovnoběžnými pruhy stř́ıdaj́ıćıch se tetragonálńıch a trigonálńıch, nebo jim

bĺızkých fáźıch. Dále byl v PMN-0.32PT zkoumán přechod z trigonálńı do tetragonálńı

fáze indukovaný elektrickým polem. V relaxoru PFN-0.38PT byla pozorována doménová

struktura s 90◦ doménovými stěnami. Struktura a symetrie sousedńıch domén byly

zkoumány pomoćı polarizovaného Ramanova rozptylu. Relaxorové feroelektrikum PSN

vykazovalo naprosto odlǐsné chováńı v polarizovaných Ramanových spektrech monokrys-

talu a epitaxiálńıho tenkého filmu. Úhlová závislost normalizované intenzity Ramanova

pásu u 810 cm−1 detekovaná při zkř́ıžených polarizátorech v monokrystalu PSN prokázala

jeho čtyřčetnou symetrii, kdežto v př́ıpadě tenké vrstvy byla obdobná úhlová závislost

téměř nezávislá na směru polarizace dopadaj́ıćıho světla. Epitaxiálńı vrstvy PSN proto

vykazovaly relaxorové chováńı, zat́ımco monokrystal PSN se nacházel ve formě dobře vyv-

inuté feroelektrické fáze. Zkoumáńı trojného roztoku PIN-0.46PMN-0.3PT se složeńım

odpov́ıdaj́ıćım morfotropńı fázové hranici polarizovaným Ramanovým rozptylem odhalilo

pouze jeden fázový přechod v pr̊uběhu zahř́ıváńı vzorku od pokojové teploty. Dále bylo

zjǐstěno, že světlem indukované defekty v PIN-PMN-PT mohou být vyvolány ozařováńım

vzorku při přechodu TRT během ochlazováńı.

Kĺıčová slova: Ramanova spektroskopie, feroelektrika, relaxory, tenké vrstvy
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Chapter 1

Introduction

Lead-based perovskites are considered as materials widely used in various applications

due to high piezoelectric properties. These materials are used for manufacture of ul-

trasonic transducers, sensors, actuators, piezoelectric transformers. A separate family

of lead-based perovskites – lead-based relaxors attracting a lot of interest also because

they represent relatively new physical systems still need to be researched and modeled.

Possibility of investigating these materials in the form of thin films increases the field

of research by the fact that the material properties can be changed via stress generated

by lattice mismatch with the substrate. One of the research methods – Raman scat-

tering – can provide a wide set of information on vibrational mode assignment, sample

orientation, symmetry phase and domain structure, temperatures of phase transitions.

Results reported in this work may complement the existing knowledge towards clearer

understanding of investigated materials and expand the possibility of their applications.

Chapter 2 contains basic principles of classical approach to Raman scattering process.

Conceptions of second order susceptibility and Raman scattering cross section are de-

scribed according to mentioned references. Also the aspects of group theory that can be

important for Raman modes assignment are written there.

Chapter 3 provides a review on several materials investigated in this work. The review

contains information already known from the literature and for some reason is considered

to be important. Phase (concentration) diagrams, results of measurement by different

methods, and theoretical model considerations can be found in this chapter.

Those who are interested in experimental aspects, can refer to the Chapter 4. Raman

spectroscopy technique as well as additional equipment used for advanced measurements

are described there in more details.

The main part of this work concerning the investigation of PMN-PT, PIN-PMN-PT,
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Introduction

PFN-PT, PSN in form of bulk and thin film and thin film of PTO is written in the

Chapter 5. It contains a description of the measuring procedure, analysis of experimental

data and corresponding remarks regarding to each material.

Finally, the last Chapter 6 summarizes the most important conclusions of the thesis.
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Chapter 2

Introduction to Raman scattering by

lattice vibrations

2.1 Raman scattering

Inelastic scattering of light by molecular vibrations or by phonons in case of solids is

termed Raman scattering. This is a two photon process with an annihilated incident

photon, created scattered photon, and created (or annihilated) one (or more) quantum

of a molecular or lattice vibration. As far as here the case of solid state materials will

be discussed, the lattice vibration (or phonon) spectra are the main object of interest.

The main idea of this technique is that the phonons are not detected directly as in the

case of infrared (IR) spectroscopy but as an energy difference between the incident and

the scattered photon (further it will be shown that Raman and IR spectroscopy yield

not the same information but rather complementary one). Therefore, a visible or near-

visible wavelength equipment can be used, what is usually cheaper and less delicate than

the IR spectroscopy one. Obviously, nowadays it is impossible to found modern Raman

spectrometer without laser and interference or holographic filter and these do not belong

to simple optic equipment. More information about the technique and modern solutions

in Raman spectroscopy will be discussed in Chapter 4.

Fig. 2.1 shows the principle difference between IR absorption, Raman scattering pro-

cess, hyper-Raman scattering process and the luminescence. The IR spectroscopy directly

deals with transitions between phonon energy levels in terms of interaction with electro-

magnetic wave of corresponding frequency. Thus, the information about lattice vibrations

is obtained from absorption or reflection spectra. In the case of Raman scattering the

information is provided by frequency (energy) shift of the electromagnetic wave after its

5



2.1 Raman scattering Introduction to Raman scattering by lattice vibrations

interaction with the measured media. When the energy of scattered photon is smaller than

that of the incident one, a quantum of energy ~(ωI−ωS) is added to the scattered medium

and the event is referred as Stokes process (ωI and ωS are the frequencies of the incident

and scattered photon respectively). If, instead, ωI < ωS, one has an anti-Stokes process,

when an elementary excitation of the medium is annihilated. A hyper-Raman scattering

is a three-photon process where the energy of the created or annihilated excitation in the

medium is ~(2ωI − ωS). In this case the spectrometer is configured to detect scattered

photons with twice higher frequency than that of excitation photons. The hyper-Raman

scattering is technically more complicated but provides additional information because of

its different selection rules in comparison with the Raman scattering. Resonant Raman

scattering occurs when transitions between electronic levels are involved in the scattering

process. Typical manifestations of the resonant Raman scattering are larger cross section

and the appearance of forbidden effects (breaking of selection rules).

Figure 2.1: Idealized model of IR absorption, Rayleigh scattering, Raman scattering
(Stokes and anti-Stokes), hyper-Raman and luminescence.
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2.1 Raman scattering Introduction to Raman scattering by lattice vibrations

2.1.1 Second-order susceptibility

The classical approach to description of Raman effect considers scattering by a collection

of atoms undergoing simple harmonic vibrations. Here we follow the approach of Ref. [1].

If one consider a scattering experiment in which the incident light can be regarded as a

strictly monochromatic one with a frequency ωI and a wavevector kI, then the incident

macroscopic field at position r and time t will be:

Ej
I (r, t) = Ej

I exp(−iωIt+ ikI·r) + Ej∗
I exp(iωIt− ikI·r), (2.1)

where Ej
I is the complex amplitude of its j-th Cartesian component.

The excitation of the medium, responsible for the inelastic light scattering is charac-

terized by a space and time-dependent amplitude

X(r, t) =
∑
q

{X(q, t) exp(iq·r) +X∗(q, t) exp(−iq·r)}. (2.2)

For example X(r, t) can represent the vibrational displacement in a molecular medium.

The Fourier transform of X(r, t) with respect to time will be:

X(q, t) =

∫
X(q, ω) exp(−iωt)dω. (2.3)

In the absence of the media excitations, the polarization induced by the incident field

is

P i(r, t) = ε0χ
ij(ωI)E

j
I (r, t), (2.4)

where χij(ωI) is the linear susceptibility of the medium at the frequency ωI. The media

excitations modulate the wavefunctions and energy levels of the medium. The effect can

be represented by an additional contribution to the susceptibility. The equation (2.4)

will be modified to

P i(r, t) = ε0(χ
ijEj

I (r, t) + χ′ijXEj
I (r, t)), (2.5)

where χ′ij is a second-order susceptibility that describes the modulation. As far asX is

time-dependent, the second-order polarization from the second term of (2.5) oscillates at

frequencies different from ωI. the incident electric field (2.1) and the excitation amplitude

(2.2) will generate four terms of the second-order polarization which can be separated

7



2.1 Raman scattering Introduction to Raman scattering by lattice vibrations

into two contributions

P i
S(r, t) =

∑
KS

{P i
S(KS, t) exp(iKS·r) + P i∗

S (KS, t) exp(−iKS·r)}, (2.6)

P i
AS(r, t) =

∑
KAS

{P i
AS(KAS, t) exp(iKAS·r) + P i∗

AS(KAS, t) exp(−iKAS·r)}, (2.7)

where

KS = kI − q (2.8)

KAS = kI + q. (2.9)

The Fourier transformation of (2.6) with respect to time is

P i
S(KS, t) =

∫
P i
S(KS, ωS) exp(−iωSt)dωS. (2.10)

Substitution of the expressions for Ej
I , X and P i

S using (2.1), (2.2) and (2.6) into the

second term of (2.5) and replacing the time-dependent terms by their Fourier transforms

(2.3), (2.6) leads to

P i
S(KS, ωS) = ε0χ

′ij(ωI,−ω)X∗(q, ω)Ej
I (r, t), (2.11)

where ω = ωI − ωS.

In the same way the Fourier transformation of (2.7) with respect to time yields

P i
AS(KAS, ωAS) = ε0χ

′ij(ωI, ω)X(q, ω)Ej
I (r, t). (2.12)

The frequency of excitations the medium ω is usually much smaller than the incident

light frequency ωI. Thus the second-order susceptibility can be approximated by as the

change in susceptibility caused by a static excitation amplitude

X(r) =
∑
q

{X(q) exp(iq·r) +X∗(q) exp(−iq·r)}, (2.13)

which is (2.2) with time dependence removed. The second-order susceptibility can now

be written as

χ′ij(ωI) =
∂χij(ωI)

∂X∗(q)
. (2.14)
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2.1 Raman scattering Introduction to Raman scattering by lattice vibrations

These quantities are usually denoted as susceptibility derivatives.

2.1.2 The scattering cross section

j f

v

v

I ’I

IS’

II

IS

dW’

dW

Figure 2.2: For cross section derivation.

The incident parallel beam with an intensity I ′I passes through the sample with volume

V (see Figure 2.2). The detector is oriented in a way that allows registering the scattered

beam with an intensity I ′S coming at an angle ϕ to the incident one and can collect

the radiation from a solid angle dΩ′. Knowing the shape of the sample, its refractive

index allows calculating the intensities of the incident and the scattered beam inside the

sample II, IS, as well as the solid angle dΩ and the scattered angle φ inside the sample

from the corresponding values outside the sample I ′I, I
′
S, dΩ′, ϕ. The dependence of the

scattering volume v as a function of scattering angle φ is also a geometrical factor. A

complication appears in a crystalline medium where the scattered intensity depends also

on the orientation of the crystal symmetry axes with respect to the incident and scattered

beams.

The rate of the energy removal from the incident beam after scattering in volume v

into a solid angle dΩ with a frequency between ωS and ωS + dω is defined as the spectral

differential cross section
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2.1 Raman scattering Introduction to Raman scattering by lattice vibrations

d2σ

dΩdωS

≡ spectral differential cross section. (2.15)

It has dimensions of area divided by the frequency.

The cross-sectional area of the scattered beam is v/L, where v is a volume of the part

of the sample contributing to the detected scattered light and L is a dimension of that

part along the direction of scattered beam (see Appendix A). The rate of energy flow in

the scattered beam is vĪS/L. Each photon of energy ~ωS in the scattered light is a result

of a process in which the incident beam loses a larger quantum ~ωI. That means the

scattering cross section has to be multiplied by a factor ωI/ωS

d2σ

dΩdωS

=
ωIv

ωSL

d2ĪS
dΩdωS

1

ĪI
. (2.16)

The cycle-averaged intensity of the incident beam is

II =
1

2

√
εε0
µµ0

E∗IEI. (2.17)

Insertion of (A.26) and (2.17) into (2.16) gives a general expression for the spectral

differential cross section

d2σ

dΩdωS

= V vωIω
3
S

nSµ
2µ2

0〈eS·P∗S(KS)eS·PS(KS)〉ωS

nI8π2|EI|2
(2.18)

The relation (2.11) between the polarization and excitation amplitudes leads to following

expression for power spectrum of polarization fluctuations

〈eS·P∗S(KS)eS·PS(KS)〉ωS
= |ε0eiSχ′ij(ωI,−ω)Ej

I (r, t)|2〈X(q)X∗(q)〉ω, (2.19)

which can be used to modify (2.18) as follows:

d2σ

dΩdωS

= V vωIω
3
S

nSµ
2µ2

0|ε0eiSχ′ij(ωI,−ω)Ej
I (r, t)|2

nI8π2|EI|2
〈X(q)X∗(q)〉ω. (2.20)

The fluctuation-dissipation theorem [2,3] leads to the expression for power spectrum for

Stokes scattering by the molecular vibration:

〈X(q)X∗(q)〉ω =
~

2Nω
{n(ω) + 1}g(ω), (2.21)

where n(ω) = 1
exp(~ω/kBT )−1

is the Bose-Einstein thermal factor, g(ω) – a response func-
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2.2 Group theory Introduction to Raman scattering by lattice vibrations

tion of harmonic oscillator and N is the total number of identical molecules (atoms)

contributing to one vibration mode. Finally the substitution of (2.21) to (2.20) yields the

expression of molecular vibrational cross section for the Stokes scattering:

d2σ

dΩdωS

= V vωIω
3
S

nSµ
2µ2

0|ε0eiSe
j
Iχ
′ij(ωI,−ω)|2

nI8π2

~
2Nω

{n(ω) + 1}g(ω). (2.22)

According to the expression (2.22) the differential cross section is proportional to:

� Incident light frequency ωIω
3
S ≈ ω4

I , it is more efficient to use the incident light with

the higher frequency.

� Scattering volume v (the total volume V of the sample does not affect the cross

section because the fraction V/N is a molecular density).

� Bose-Einstein factor (usually obtained Raman spectra are normalized by the Bose-

Einstein factor)

� Product eiSe
j
Iχ
′ij determining the symmetry of Raman scattering experiment. The

form of second order susceptibility tensor χ′ij (known also as Raman tensor) is

defined from the crystal (or molecule) symmetry by group theory methods.

2.2 Application of Group theory to Raman scatter-

ing

The group theoretical methods are effective and convenient methods of solving the dif-

ferent physical problems associated with symmetry considerations. The symmetry of a

molecule or crystal can give information about, for example, molecular orbital energy

levels structure, crystal electronic level splitting in external fields, number of molecule or

lattice vibrations and their degeneracy, number of IR absorption or Raman scattering ac-

tive modes. Generally speaking, the group theory can reveal ”What is possible for given

structure with given symmetry” but will not give the quantitative information (e.g. the

energy of vibrations and their intensities). For reader’s convenience, a brief introduction

to the group theory and its application to Raman scattering is developed in this chapter

according to the Refs. [4–6].

11



2.2 Group theory Introduction to Raman scattering by lattice vibrations

2.2.1 Basic definitions

A group is a set of elements that are connected with each other by a product operation

which obeys specific rules. The set is called a mathematical group if:

� The product of any two elements (as well as a square of each element) of the group

is the element of the same group. ∀A,B ∈ G : ∃C ∈ G A · B = C;

� Group has an identity element. ∃E ∈ G : ∀A ∈ G E · A = A · E = A

� The associative law of multiplication holds. ∀A,B,C ∈ G : (A ·B) ·C = A · (B ·C) =

A · B · C

� Every element must have a reciprocal one, which is also an element of this group.

∀A ∈ G : ∃A−1 ∈ G A−1 · A = A−1 · A = E

Here some remarks have been made concerning the understanding of the term ”prod-

uct”. Generally the elements of the group are some operators transforming each point

of some set to another point of the same set. The product of two elements means that

two operators are applied subsequently. Thus the order of elements in the product is

important, in general A · B 6= B · A. If A · B = B · A, (the pare of elements commute)

for all elements in the group, the group is called Abelian. The number of elements in the

group is called the group order and if it is not infinite it is usually denoted as h. If all

elements of the finite group are known, the best way to introduce the group is to build the

group multiplication table. Such table has h columns and h rows labeled with each group

element. In the intersection of each column and each row is the product of the column

element right-multiplied by the row element. The each row or column is rearranged list

of group elements. A group can have a set of elements forming a group of lower order.

Such a smaller group is called a subgroup. Each group has a trivial subgroup consisting

of the identity element. The order of group g is a multiple of its subgroup order h, thus

g = mh, where m is called the index of the subgroup.

If A = X−1BX it is said that A is a similarity transform of B by X or that A and B

are conjugated. Here are some easy-to-prove properties of conjugate elements:

� Every element is conjugate with itself.

� If A is conjugate with B then B is conjugate with A.

� If A is conjugate with B and C then B and C are conjugate with each other.

12



2.2 Group theory Introduction to Raman scattering by lattice vibrations

These properties help to divide some set of elements into non-intersected classes, or in

our case to divide a group into classes of conjugated elements (conjugacy classes).

The order of the class must be a divider of the group order. If some group has a

subgroup and for all elements of the group A, AHA−1 = H, where H is any element of

the subgroup, the subgroup is called normal or invariant. In other words the subgroup is

invariant only if it has the elements forming full classes of the group. Normal subgroup

can be also defined in another way: since AH = HA, it is said that subgroup H is

invariant in group G if left and right cosets of this subgroup built by any element A of

the group G are the same. If the normal subgroup is taken as the unity element and

all cosets of this subgroup are considered to be some elements of a new-defined group

by themselves, this group is called quotient group or factor-group and is noted by G/H.

The order of this group is equal to index of normal subgroup H in group G.

G6 E A B C D F
E E A B C D F
A A E D F B C
B B F E D C A
C C D F E A B
D D C A B F E
F F B C A E D

Table 2.1: Multiplication table for group of order 6.

2.2.2 Symmetry operations

The symmetry operation is a movement of a body, such that after this movement ev-

ery point of the body is coincident with an equivalent point of the body in its original

orientation. Every symmetry operation can be represented as one of the three following

operations or their combination:

� a rotation by an angle ϕ about an axis,

� a reflection through a plane,

� a translation.

The last operation is used only in the case of infinite material (e.g. crystal lattice of solid),

and it forms an element of the corresponding space symmetry group. In the case of a

point group all symmetry operations must leave one point immobile. It means that all

13



2.2 Group theory Introduction to Raman scattering by lattice vibrations

symmetry elements of a point symmetry group must intersect at least at one point. There

are several notations used to label the crystallographic groups and symmetry elements

but the most popular are the Hermann-Mauguin (International) notation and Schönflies

notation. In this chapter we follow closely Refs. [4–6], where the last notation is used

(see the Appendix B for their correspondence).

The rotation about axis of order n (or the proper rotation) is usually denoted as Cn,

where the angle of rotation is ϕ = 2π/n (n-integer). Such a rotation can be performed

several times to move the body into equivalent positions. If the symmetry group has the

Cn operation, the Cm
n ones are also present in this group for all integer m. If m is a

divider of n, Cm
n = Cn/m, and if m=n, Cn

n = C1 = E.

The reflection through the symmetry plane is labeled σ. The symmetry plane per-

pendicular to the highest order rotation axis of the object is labeled as σh, while it is

labeled σv if this axis is in the plane. Two subsequent reflections through the same plane

produce identical configuration σ2 = E.

Improper rotation means a proper rotation followed by a reflection through the plane

perpendicular to the rotation axis. Such a rotation is denoted Sn, where n indicates the

axis order. The element Sn in general generates a set of operations Sn, S2
n, S3

n..., in more

details this sequence depends on if n is even or odd. In case of even n Snn = Cn
n = E, and

operation Sn generates n symmetry operations. If n is odd, the operation Sn generates

2n symmetry operations and Snn = Cn
nσ = σ, S2n

n = C2n
n = E.

Improper rotation of order 2 has special label I and it is called an inversion. The

point where the axis of order 2 cross the mirror plane is called the inversion center.

There are several general useful rules how symmetry elements and symmetry opera-

tions are related to each other:

� The product of two proper rotations is a proper rotation.

� The product of two reflections through the planes with angle ϕ between them is

equivalent to rotation on angle 2ϕ about the axis which is the line of intersection

of planes.

� When a rotation axis Cn coexists with and a mirror plane σv, containing it, there

must be n such planes separated by the angle 2π/2n.

� A proper rotation axis of even order and a mirror plane perpendicular to it generates

an inversion center.

14



2.2 Group theory Introduction to Raman scattering by lattice vibrations

� The product of two C2 rotations about axes that intersect at angle ϕ is a rotation

by 2ϕ about an axis perpendicular to both C2 axes.

Symmetry operations which always commute:

� Two rotations about the same axis.

� Reflections through planes perpendicular to each other.

� The inversion and any reflection or rotation.

� Two C2 rotations about perpendicular axes.

� Rotation and reflection through a plane perpendicular to rotation axis.

2.2.3 Representations

If some set D(G) of operators in vector space is homomorphic to given group G it is said

that this set D(G) of operators is a representation of group G. If such set D(G) can

be built with linear operators, after choose of a basis this operators can be represented

as matrices. In this case we will obtain homomorphic map of group G into group of

n × n matrices D(G), or matrix representation of group G. D(G) can be a isomorphic

map of group G, in this case the order of matrix representation D(G) equals the order

of group G. In general case group G has several elements which in D(G) are represented

as unity matrices, this set forms an invariant subgroup H of G. In other words a set of

matrices D(G) is isomorphic to factor-group G/H. It follows that if some representation

of the factor group on some invariant subgroup H is found, this representation is also a

representation of whole group G.

Matrix can represent a transformation of a point or a set of points that define a body

in space. If x, y, z are the coordinates of a point before the transformation, coordinates

after transformation x′, y′, z′ will be:

M

xy
z

 =

x
′

y′

z′

 (2.23)

The matrices in a Cartesian coordinate system M for some symmetry operations are:

� M =

1 0 0

0 1 0

0 0 1

 for identity operation E.
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2.2 Group theory Introduction to Raman scattering by lattice vibrations

� M =

−1 0 0

0 −1 0

0 0 −1

 for inversion I.

� M =

1 0 0

0 1 0

0 0 −1

 for reflection through xy plane σxy. Matrices for σxz and σyz will

be similar, with one −1 on diagonal for coordinate not lying in reflection plane.

� M =

 cosϕ sinϕ 0

− sinϕ cosϕ 0

0 0 1

 for clockwise rotation by ϕ > 0 about the axis z.

� M =

 cosϕ sinϕ 0

− sinϕ cosϕ 0

0 0 −1

 for clockwise improper rotation by ϕ > 0 about the

axis z.

An important property of a square matrix is its character which is the sum of its

diagonal elements.

χA =
∑
j

ajj (2.24)

The character of a matrix is invariant with respect to a change of a basis. This

property leads to the fact that all characters of elements belonging to the same class

of conjugate elements are the same. It means that if a group G has ν classes, each

representation of this group can be described by a set of characters χ1, ...χν .

The number of representations for a given group is unlimited, but only a limited

number is of fundamental significance.

If we take a representation, built with matrices of given order E,A,B,C,D..., we can

transform this representation using matrix T . The new set of matrices E ′ = T−1ET,A′ =

T−1AT,B′ = T−1BT,C ′ = T−1CT,D′ = T−1DT, ... will be also a representation of this

group. If such transformation will change all matrices of our representation to similar

block factored form, each set of blocks will be a representation of a group individually.

16



2.2 Group theory Introduction to Raman scattering by lattice vibrations

A′ = T−1AT =



A′1

A′2

A′3

A′4

A′5


This means that a representation formed from matrices E,A,B,C,D... can be re-

duced to several representations of lower order E ′1, A
′
1, B

′
1, C

′
1, D

′
1...; E

′
2, A

′
2, B

′
2, C

′
2, D

′
2...;

E ′3, A
′
3, B

′
3, C

′
3, D

′
3...; and it is called reducible. If it is impossible to find such a trans-

formation which will transform all matrices of the given representation to more simple

block-factored form, the representation is called irreducible. The most important prop-

erty of irreducible representations of a given group G (also called the great orthogonality

theorem) is that the ij elements of matrices D
(µ)
ij (R) of all group operations R in an

irreducible representation µ form a vector in a g-dimensional space, such that∑
R

D
(µ)
il (R)D

(ν)
mj(R

−1) =
g

nµ
δµνδijδlm, (2.25)

or for unitary representations∑
R

D
(µ)
il (R)D

(ν)∗
jm (R) =

g

nµ
δµνδijδlm. (2.26)

Each irreducible representation D(µ) gives us n2
µ vectors D

(µ)
ij (R) (i, j = 1, ..., nµ), orthog-

onal to each other and to vectors D
(ν)
lm (R) built on all non-equivalent representations.

These orthogonal vectors span the g-dimension space since∑
µ

n2
µ = g, (2.27)

which also means that the number of non-equivalent irreducible representations of a finite

group is finite. Similar expression as (2.26) can be obtained for the characters:∑
R

χ(µ)(R)χ(ν)∗(R) = gδµν . (2.28)

As it was mentioned before, all elements belonging to the same class have the same

character. If a group G has k classes and a class Ki has gi elements, then the expression
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2.2 Group theory Introduction to Raman scattering by lattice vibrations

(2.28) will be changed to ∑
i

χ
(µ)
i χ

(ν)∗
i · gi = gδµν . (2.29)

Here numbers χ
(µ)
i g

1/2
i forms vector in k-dimensional space. Vectors built in such a way

from non-equivalent irreducible representations are orthogonal, meaning that the number

of irreducible non-equivalent representations can not be more than the number of classes

in the group. In the literature on the group theory [5] a proof can be found that this

number must be equal to the number of the classes in the group. During this proof

another important orthogonality property of the characters is proven there:∑
ν

χ
(ν)
i χ

(ν)∗
j =

g

gj
δij. (2.30)

For clarity it should be mentioned that in case of expression (2.29) the index of repre-

sentation ν was fixed and components χ
(µ)
i g

1/2
i forms a vector in k-space belonging to the

given representation, but in case of (2.30) a vector is formed from χ
(ν)
i with a fixed class

index i.

The character table consists of columns named by corresponding class Ki (each class

has gi elements) and rows named by non-equivalent irreducible representations Dµ (see

table 2.2).

K1 K2 · · · Ki · · · Kk

D(1) χ
(1)
1 χ

(1)
2 · · · χ

(1)
i · · · χ

(1)
k

D(2) χ
(2)
1 χ

(2)
2 · · · χ

(2)
i · · · χ

(2)
k

...
...

...

D(µ) χ
(µ)
1 χ

(µ)
2 · · · χ

(µ)
i · · · χ

(µ)
k

...
...

...

D(k) χ
(k)
1 χ

(k)
2 · · · χ

(k)
i · · · χ

(k)
k

Table 2.2: Character table.

This table has a following properties:

� The number of rows is equal to number of columns

� The sum of the squared elements in the raw multiplied by gi is equal to order of

the group g (see expression (2.29)).

� A scalar product of any two rows is equal to zero (again see expression (2.29)).

18



2.2 Group theory Introduction to Raman scattering by lattice vibrations

� The sum of the squared elements in the column is equal to order of the group g

divided by gi (see expression (2.30)).

� A scalar product of any two rows with weights gi is equal to zero (again see expres-

sion (2.30)).

� A character of unity element equal to dimension of a given representation χ(µ)(E) =

nµ (a fact that the sum of dimensions squared of all irreducible representations in

the group equal to order of the group (see (2.27)) is also useful)

The application of mentioned properties will be applied to the C4v group, which will

be mentioned in the discussion of the tetragonal perovskite materials. The C4v group

has 8 elements (E, C4, C
(2)
4 (C2), C

(3)
4 , σv, σ

′
v, σv′ , σ

′
v′) divided into 5 classes (C4 and

C
(3)
4 form conjugate class as well as two individual pairs of vertical mirror planes). It

means that group C4v has 5 irreducible representations. The equation (2.27) leads to

n2
1 +n2

2 +n2
3 +n2

4 +n2
5 = 8 and the only possible solution is that one of representations has

dimension 2 while the others are one-dimensional ones. Characters of one-dimensional

representations are representations themselves and they should satisfy the equation (2.29).

For example χ1 + χ2 + 2 · χ3 + 2 · χ4 + 2 · χ5 = 8, when taking as a vector of the first

representation the fully symmetric one. The same rule (2.29) can be used to deduce the

characters of remaining irreducible representations shown in table 2.3. One dimensional

representations are denoted as A or B depending on if the representation is symmetric

with respect to the rotation about the highest order axis or not. Subscripts of this

representations are chosen to be 1 or 2 when they are symmetric or asymmetric with

respect to C2 axis perpendicular to main axis (if C2 is absent, the symmetry of the

representation with respect to the vertical mirror plane is a criterion). For groups which

have inversion operation, representations have subscript g if they are symmetric with

respect to inversion and u if not. Two-dimensional representations are usually marked

by letter E.

C4v E C
(2)
4 (C2) C4(2) σv(2) σv′(2)

A1 1 1 1 1 1 z x2 + y2, z2

A2 1 1 1 -1 -1 Rz

B1 1 1 -1 1 -1 x2 − y2
B2 1 1 -1 -1 1 xy
E 2 -2 0 0 0 (x, y), (Rx, Ry) xz, yz

Table 2.3: Character table of group C4v.
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C3v E C3(2) σv(3)
A1 1 1 1 z x2 + y2, z2

A2 1 1 -1 Rz

E 2 -1 0 (x, y), (Rx, Ry) (xz, yz), (x2 − y2, xy)

Table 2.4: Character table of group C3v.

A1 B1 B2 Ea 0 0
0 a 0
0 0 b

 d 0 0
0 −d 0
0 0 0

 0 e 0
e 0 0
0 0 0

 0 0 f
0 0 0
f 0 0

 0 0 0
0 0 f
0 f 0


Table 2.5: Tensors of Raman-active modes for group C4v (4mm).

A special attention should be given to the last two columns of table 2.3. Each rep-

resentation Dµν(R) can be built with the help of so-called basis functions ψν . If a set of

n orthogonal functions is chosen (these functions can be chosen in different ways), after

the application of all operators OR corresponding to all group elements R, we will obtain

new set of functions. These functions can be expressed by a linear combination of the

previously chosen basis functions:

ORψν =
n∑
µ=1

ψµDµν(R)(ν = 1..., n). (2.31)

The possible basis functions are 1, x, y, z, x2, xy, f(x2, y2) etc. Last but one column of

the character table shows which representations have a component of polar vector or

axial vector as its basis function. The former indicates the polar vibrations which can be

detected by infrared (IR) spectroscopy. The last column shows quadratic basis functions.

They indicate the symmetry of vibrations active in Raman spectroscopy measurements.

More convenient information concerning the symmetry of Raman-active modes can be

provided in the form of the Raman tensors (see Table 2.5). Note that here are shown

all possible types of Raman-active modes for a given symmetry group. The procedure of

determination of the types and the number of Raman-active modes for a given structure

with given symmetry will be shown below.

2.3 Normal-mode determination

The full symmetry of infinite crystal cannot be described by point groups only. The trans-

lational symmetry operations should be taken into account to construct space groups. For
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the determination of the macroscopic symmetry properties of a crystal only a single unit

cell is taken into account and all translations between unit cells are taken as identity

operators. The point group symmetry operations together with screw rotations and glide

reflections are used to describe the macroscopic symmetry of the crystal. The finite group

constructed in such a way is a factor-group of the infinite space group and it is isomorphic

to one of the 32 crystallographic point groups.

The glide reflection is a symmetry operation consisting of the reflection through a

plane and the following translation along some lattice vector by the half of its length.

Such an operation performed twice will result to translation to the equivalent position

of the neighbor unit cell. There are three types of glide reflection operation according to

the translation vector:

� The translation is performed along one of the principal lattice vectors (a/2, b/2 or

c/2) meaning that the glide plane is parallel to the plane defined by the translation

direction and one of two other principle directions. Such planes are called axial

glide planes and are marked as a, b or c according to the glide direction.

� The translation is performed along one of face diagonals or body diagonal of the

unit cell. The possible translations are (a+b)/2, (a+c)/2, (b+c)/2 or (a+b+c)/2,

and all corresponding diagonal glide planes are denoted as n.

� The last type is called a diamond glide and is labeled as d. The possible translations

are (a±b)/4, (a±c)/4, (b±c)/4 or (a±b±c)/4.

An operation of rotation by 2π/n about the axis followed by a translation along the

vector r parallel to this axis is called a screw rotation. It is important that after n

rotations (that will complete the 360◦ rotation) the total translation vector length will

be equal to some lattice translation t or multiple of them nr = mt. As long as possible

values of n are orders of existing rotation axes (1,2,3,4,6) and integer values for m are

limited to m ≤ n (bigger values will be equivalent to those ≤ n), possible screw rotations

will be 21, 31, 32, 41, 42, 43, 61, 62, 63, 64 and 65. Screw axes are denoted by corresponding

symbol nm.

Several important notes should be done to distinguish factor groups G/H from the

point groups isomorphic to them:

� It is not necessary for a factor-group to have a point, invariant by all the symmetry

operations. Therefore it is not needed that all axis and planes of the factor group

are intersecting in one common point.
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� A point is invariant by a given symmetry operation of G/H if it is left unchanged

or it is carried to the same position in an adjacent unit cell.

� In the factor-group a class of elements may include not only one set of operations.

Generally there are 230 possible space groups as well as 230 factor groups isomorphic

to 32 point groups. In the case of Schönflies classifications the right superscript is used to

label different space groups corresponding to the same point group (e.g. C2
2v). In the case

of Hermann-Mauguin notation for space groups, a letter specifying the unit cell (P is for

primitive, F – face centered, I – body-centered, A,B,C – base centered on corresponding

face, or R – rhombohedral) is added to the left side of the point group symbol, and planes

or axes symbols are modified by those of glide planes and screw axes (e.g. Pmc21).

All sites within a unit cell can be divided into the sets of equivalent positions (called

also Wyckoff positions). Each set has its own symmetry (site symmetry) and a number

of equivalent atoms (multiplicity). Site symmetry determines the site group which is

a subgroup of a factor-group and it is isomorphous with one of the 32 point groups

permitted in crystal structures. All points within individual set can be generated by

applying the symmetry operations of the factor-group to one of the points in this set.

The number of equivalent points in the set (its multiplicity) is equal to the order of the

factor-group divided by the order of the site group of the given set. The position is called

general if it corresponds to the atom at an arbitrary position and never resides upon any

symmetry element of the factor group. All remaining equivalent position sets are called

special positions. Atoms in these sets lie upon one or more symmetry elements, for this

reason they have smaller multiplicity than the general position. One or more coordinates

of these sets are fixed. All possible sets of equivalent positions for C1
4v (P4mm) group are

listed in Table 2.6.

Multiplicity Wyckoff letter Site symmetry Coordinates
8 g C1 (x,y,z) (-x,-y,z) (-y,x,z) (y,-x,z)

(x,-y,z) (-x,y,z) (-y,-x,z) (y,x,z)
4 f Cv

s (x,1/2,z) (-x,1/2,z) (1/2,x,z)
(1/2,-x,z)

4 e Cv
s (x,0,z) (-x,0,z) (0,x,z) (0,-x,z)

4 d Cd
s (x,x,z) (-x,-x,z) (-x,x,z) (x,-x,z)

2 c Cv
2v (1/2,0,z) (0,1/2,z)

1 b C4v (1/2,1/2,z)
1 a C4v (0,0,z)

Table 2.6: Equivalent positions table of group C1
4v (P4mm).
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Multiplicity Wyckoff letter Site symmetry Coordinates
6 c C1 (x,y,z) (z,x,y) (y,z,x) (z,y,x)

(y,x,z) (x,z,y)
3 b Cs (x,x,z) (z,x,x) (x,z,x)
1 a C3v (x,x,x)

Table 2.7: Equivalent positions table of group C5
3v (R3m).

Several methods exist for unit cell analysis, the most common are factor-group analysis

and nuclear site group analysis used to determine selection rules of phonons with k ≈
0. In the case of factor-group analysis all symmetry operations of the factor-group are

applied to each atom of the unit cell to obtain corresponding representations. Then

these representations are reduced to irreducible representations available for given factor-

group. To determine the total number of normal modes, vibrational modes of irreducible

representation are multiplied by a number of times this irreducible representation was

used to decompose the reducible representation obtained for given structure (for more

details see Ref. [6]).

The same information can be obtained by the nuclear site group analysis. If the unit

cell has a symmetry corresponding to the factor group G of the order H then a set of n

equivalent atoms belonging to the site group g, which is the sub-group of G, has the order

h = H/n. Each sub-group will map into one or more of the irreducible representations of

the factor-group G. Therefore modes associated with each equivalent set can be combined

to obtain the complete description. Thus if the structure of the investigated crystal is

known, the atoms of the unit cell must be separated into equivalent sets and the site

symmetry of these sets must be determined. Then each set of atoms, present in the given

structure, should be mapped to irreducible representations of the factor-group. Tables

of equivalent sets (Wyckoff positions) for all 230 space groups with their site symmetry

groups as well as irreducible representations of point groups, on which site groups are

mapped, can be found in the article of Rousseau et. al [6] or at the Bilbao crystallographic

server [7].

In the case of lead titanate (PbTiO3) which has the tetragonal C1
4v (P4mm) structure,

Ti atom and one of O atoms occupy Wyckoff position a, Pb atom – Wyckoff position b,

both with a symmetry C4v. The remaining two oxygens lie on the Cv
2v sites labeled as c

(see Table 2.6). The irreducible representation table 2.8, taken from the mentioned source

shows that the equivalent positions of Pb, Ti and unique O with the site symmetry C4v will

contribute 3A1+3E modes (one pair from each type of atom), while the remaining oxygen

pair will contribute A1+B1+2E modes, giving a total of 4A1+B1+5E. Table 2.3 shows
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Site symmetry Representations
C1 3A1 + 3A2 + 3B1 + 3B2 + 6E
C2 A1 + A2 + B1 + B2 + 4E
Cv
s 2A1 + A2 + 2B1 + B2 + 3E

Cd
s 2A1 + A2 + B1 + 2B2 + 3E

Cv
2v A1 + B1 + 2E

Cd
2v A1 + B2 + 2E
C4 A1 + A2 + 2E
C4v A1 + E

Table 2.8: Irreducible representations that result from different symmetry equivalent sites
occupation in factor-groups isomorphous to the point group C1

4v (P4mm) [6].

Site symmetry Representations
C1 3A1 + 3A2 + 6E
Cs 2A1 + A2 + 3E
C3 A1 + A2 + 2E
C3v A1 + E

Table 2.9: Irreducible representations that result from different symmetry equivalent sites
occupation in factor-groups isomorphous to the point group C5

3v (R3m) [6].

that A1 modes are IR active, B1 modes are Raman active and E modes are simultaneously

Raman and IR active ones. Note that one pair of A1+E modes corresponds to acoustic

vibrations, thus Raman active optic modes are 3A1+B1+4E.

In the case of rhombohedral C5
3v (R3m) structure (BaTiO3 below 200 K), Ti and

Pb atoms occupy a site with a symmetry C3v, while O atoms lie on Cs sites labeled

as b (see Table 2.7). Two groups of atoms in a-positions will contribute A1+E modes

each (2A1+2E in total), while the oxygen atoms will contribute 2A1+A2+3E modes (see

Table 2.9). The A1 and E modes are IR and Raman active (see Table 2.4), thus after

subtraction of one pair of acoustic modes (A1+E), the total number of Raman active

modes will be 3A1+4E. Here the attention should be paid to possibly different coordinate

systems used in equivalent sets definition (Tables 2.6 and 2.7) or in the basis functions

construction (last two columns of character tables 2.3 and 2.4 ) and in the Raman tensors

A1(z) E(x, y)a 0 0
0 a 0
0 0 b

 0 f d
f 0 0
d 0 0

 f 0 0
0 −f d
0 d 0


Table 2.10: Tensors of Raman-active modes for group C3v (3mx) [8].
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definition (see Tables 2.5 and 2.10). In the first case the crystallographic axes are used

while the basis functions (or Raman tensors) should be defined in a Cartesian coordinate

system. The last can be chosen in different ways, e.g. in the case of the rhombohedral

C3v symmetry, the z axis is oriented along the rotation C3 axis, but the x axis can be

chosen to lie in σv plane or to be perpendicular to it. Forms of Raman tensors for a given

symmetry group may therefore depend on the coordinate system selection [8].

To analyze Raman scattering measurements, it is convenient to transform the Raman

tensors into the coordinate system used for the actual measuring geometry. A useful ex-

ample is measuring rhombohedral crystal cut along pseudocubic directions. Thus Raman

tensors shown in Table 2.10 should be transformed according to

R′ = T−1RT, (2.32)

where T is the transformation matrix, which shows the connection between the ’old’

rhombohedral coordinate system and the ’new’ pseudocubic one:

T =


√

1/2
√

1/6
√

1/3

−
√

1/2
√

1/6
√

1/3

0 −2
√

1/6
√

1/3

 . (2.33)

After the transformation, the Raman tensor of the A1 mode has the following form:

A′1 =


2a+b
3

b−a
3

b−a
3

b−a
3

2a+b
3

b−a
3

b−a
3

b−a
3

2a+b
3

 . (2.34)

Raman tensors of two E mode components after the change of the basis read:

E ′x =


d√
6

+ f

2
√
3

+
d√
3
+ f√

6√
2

d√
6

+ f

2
√
3
−

d√
3
+ f√

6√
2

d√
6
− f√

3

− d√
6
− f

2
√
3

+
d√
3
+ f√

6√
2

− d√
6
− f

2
√
3
−

d√
3
+ f√

6√
2

− d√
6

+ f√
3

d√
3
−
√

2
3
f

√
2

−
d√
3
−
√

2
3
f

√
2

0

 (2.35)
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and

E ′y =


d

3
√
2

+ f
2

+
d√
3
− f√

6√
6

d
3
√
2
− f

2
+

d√
3
− f√

6√
6

d
3
√
2
−
√

2
3
( d√

3
− f√

6
)

d
3
√
2
− f

2
+

d√
3
− f√

6√
6

d
3
√
2

+ f
2

+
d√
3
− f√

6√
6

d
3
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Neglecting here the difference between TO and LO modes Raman tensors and frequencies

(strong anisotropy, weak IR active modes), the matrix of the total Raman intensity

associated with the E symmetry Raman active doublet, expected in measurements with

the incident and the outgoing light polarizations along the pseudocubic Cartesian axes i

and j can be expressed, according to (2.22), as:

I ′Eij ∝ |E ′xij|2 + |E ′yij|2. (2.37)

After the substitution from the above formulas the resulting matrix reads:

I ′E =
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9
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9
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1
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 . (2.38)

An important consequence is that both A′1 tensor and the matrix of E-mode intensity

I ′E show the cubic symmetry, confirming that while measuring a rhombohedral material

in the above specified geometry, no information about the rhombohedral axis orientation

can be obtained. In particular, when the LO-TO splitting is negligible, Raman scattering

intensity of A1 and E symmetry modes detected from backscattering at the pseudocu-

bic cut of a sample undergoing cubic to rhombohedral phase transition does not allow

distinguishing its ferroelastic domains.

2.4 Principal component analysis

Principal component analysis (PCA) is used when it is necessary to reduce the number

of variables (or to reduce the dimension) of big datasets [9]. The number of possibly

correlated variables is reduced to a linearly uncorrelated set. It is widely used for im-

age processing and statistical data analysis. There are several methods how the principle

components can be found for a given dataset. The most popular methods are the singular

value decomposition (SVD) of data matrix or the eigenvalue decomposition of covariance
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matrix or the non-linear iterative partial least squares (NIPALS) algorithm. First two al-

gorithms are almost equivalent. They give the same number of principle components as is

the number of possibly correlated variables. User can choose the number of biggest eigen-

value components according to some criterion or according to an additional information

about the obtained dataset. The NIPALS algorithm searches the principle components

one after the other in a descending order of their importance (eigenvalue), it is faster

but it has a big error for components with a high index number. The principal com-

ponent analysis was used in this work because it can help to analyze the data obtained

while measuring the thin films on thick substrates with strong and rich Raman scattering

spectra. If the film thickness is much smaller than the size of the laser spot (which is

approximately 1µ while using 50 x objective), the main part of Raman scattering signal

will be obtained from the substrate (see Fig. 2.3).

Figure 2.3: Thin film measured in a micro-Raman setup.

The solution is to perform a depth scan - to measure a set of spectra depending on the

vertical position of the laser spot with respect to the thin layer. The range of scan should

start from almost clean air (a few micron above the layer) to almost clean substrate (a

few microns below the film). The results will form the data matrix X with dimensions

m× n where m is the number of points in one spectrum and n is the number of spectra

in a deep scan.

Xi,j =



x1,1 x1,2 · · · x1,n

x2,1 x2,2 · · · x2,n
...

...
. . .

...

xm,1 xm,2 · · · xm,n︸ ︷︷ ︸
n columns




m rows
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The NIPALS algorithm decomposes the data matrix X to a sum of vector products

t · pT

X =


t11

t12
...

t1m


(
p11 p12 . . . p1n

)
+


t21

t22
...

t2m


(
p21 p22 . . . p2n

)
+ . . . (2.39)

+


tw1

tw2
...

twm


(
pw1 pw2 . . . pwn

)
+ E,

where the upper index in t11 and p11 shows the number of principal components and reaches

the value w chosen by the operator (not exceeding the initial number of variables). Vector

t is usually called scores, represents data related to the current principal component, p is

a vector usually called loadings, it shows how the current principal component is related

to initial correlated variables. The matrix E is representing residuals of PCA,it is usually

a noise or the data not interesting for the operator.

Before performing the procedure of calculating PCA, several preparations should be

done. Firstly, the data matrix should be mean-centered as X = X − X̄, where X̄ is the

matrix consisting from the same columns of the average spectrum (sometimes called as

the zero principle component). The initial value of the residual matrix is data matrix

E(0) = X. The initial value of vector t is set to any column of the matrix E. For

the convergence check, some small number threshold th = 0.00001 is chosen. Each step

calculates one PC and it consists of the following steps:

1. Project X onto t to find the corresponding loading p

p = (ET (i−1)t)/(ttT )

2. Normalize loading vector p to length 1

p = p(pTp)−0.5
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3. Project X onto p to find corresponding score vector t

t = (E(i−1)p)/(pTp)

4. Check for the convergence. If the difference between eigenvalues τnew = (tT t) and

τold (from the last iteration) is larger than th · τnew return to step 1.

5. Remove the estimated PC component from E(i−1)

E(i) = E(i−1) − (tpT ).
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Chapter 3

Introduction to relaxor materials

3.1 General information

Relaxor ferroelectrics (in the older terminology - ferroelectrics with a diffuse phase tran-

sition [10, 11]) are forming a wide family of complex perovskites. The defining property

of relaxors is the characteristic (significant) frequency dependence of the maximum in

the temperature dependence of the real part of their dielectric function (Fig. 3.1) [12–14].

Such behaviour was noticed in the following groups of materials: stoichiometric non-

isovalent compounds (PMN, PST, PZN, PMT, PIN, PFW), non-stoichiometric solid so-

lutions (PLZT) and more complex solid solutions (PMN-PT, PZN-PT, PIN-PMN-PT).

Isovalent solid solutions (BTZ, BTS) can also exhibit relaxor properties [15,16]. All these

relaxors are based on a cubic perovskite ABO3 structure. A or B atoms are partially re-

placed by atoms of another element, so that the general formula is A′xA
′′
1−xB

′
yB
′′
1−yO3.

In the case of the non-isovalent ions, the numbers x and y are determined by the

electrical neutrality requirement. Such complex perovskites with compositional disor-

der can demonstrate relaxor behaviour. The most studied relaxor material is PMN

(PbMn1/3Nb2/3O3). A large amount of data published on PMN study is related to differ-

ent measurements and theoretical works. In PMN, B-site can be occupied randomly by

Mn2+ or Nb5+ atoms but the overall ratio must be 1/2 to keep electrical neutrality. For

PMN the dispersion takes place in a wide frequency range from 10−3 to 1010 Hz and shows

maximum permittivity at 240 K for low frequencies (Hz) and 380 K for high frequencies

(GHz) (Fig. 3.1) [12].

In a rather wide temperature range (from liquid helium temperature up to ≈800 K)

the average structure remains cubic. A huge amount of experimental data on relaxors

as well as theoretical models have considered that the whole temperature range can
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Figure 3.1: Temperature dependences of the real (a) and imaginary (b) parts of dielectric
permittivity of PMN crystal for different frequencies [12].

be divided into three regions. At high temperatures (>600 K for PMN) the relaxor is

in the paraelectric phase (PE). After crossing the TB, known as Burns temperature, it

transforms in ergodic relaxor state (ER). This state is less understood in relaxors and

is still the subject of debates. The TB was found to be the temperature at which some

elements which contribute to the dielectric response appear. In modern research works

this elements are usually termed as polar nanoregions (PNR’s) but the definition of

these regions varies with respect to the preferable model. These elements are supposed

to grow and increase in number with cooling. At the temperature TF (called freezing

temperature) these regions seems to be frozen into the non-ergodic (NR) state. The

average symmetry still remains cubic but many relaxors can be irreversibly transformed

to the ferroelectric phase (FE) by application of a strong enough electric field. Fig. 3.2

schematically shows the relaxor states and the corresponding transition temperatures.

TMAX is the temperature of the dielectric function maximum, dependent on a probing

frequency of dielectric measurement.

A compositional (ionic, chemical, structural) inhomogeneity is the main structural

property of relaxors. From the view of minimization of electrostatic and elastic energy of

the material, the most profitable state is obtained when the ions of the same element form

their own sublattice [17]. This ordering can be destroyed by the thermal motion if the

material is heated above the certain temperature. In the paper [18,19], authors show the

structural phase transition in PST and PSN by X-ray diffraction. The order parameter s

of this transition is the long-range compositional order parameter. At temperatures higher
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TTF T ( )MAX w TB

NR(FE) ER PE

Figure 3.2: Three states of relaxor ferroelectrics and temperatures separating them. TMAX

is the temperature of dielectric function maximum which found to be frequency depen-
dent.

than 1500 K the atoms of B′ and B′′ can exchange there positions by thermal diffusion. At

lower temperatures this exchange processes have much lower probability. After annealing

and quenching the sample, the ordered structure with different s can be obtained. In

some materials (PFN, PMN) the ionic disorder cannot be changed by any annealing. It

was supposed that for these material the ordering will require an almost infinite time.

The most realistic scenario is that these relaxor materials have inhomogeneous ordering

consisting of the ordered regions embedded in disordered matrix [17]. The presence

of such areas called chemical nanoregions (CNR’s) was proved by electron microscopy

and X-ray diffraction measurements [20]. CNR’s are found to be isotropic in shape and

temperature independent for T < TB [21].

When the phase transition in classical ferroelectric takes place, symmetry lowers and

material becomes birefringent. In the temperature region where no phase transition exists,

the temperature dependence of refractive index is linear. Since in the wide temperature

range the structure of relaxors remains generally cubic, no birefringence was detected.

The refractive index linearly changes only when T > TB (Fig. 3.3). At lower tempera-

tures it deviates from the linear decrease on cooling [22]. This non-linear behavior was

explained in many articles by the quadratic electrooptic effect due to the increase of a

local spontaneous polarization squared 〈P 2〉.
If PMN is cooled under the applied electric field [23], the birefrengence appears near

the TF (Fig. 3.4). If the sample is heated with electric field after zero-field cooling

(ZFC/FH) the birefrengence shows small maximum near 200 K. The authors reported

that even after applying the electric field to PMN at a temperature lower than TB the

birefrengence appears, but this process can take a long time depending on the tempera-

ture (to tens of hours).

As was already mentioned, the dielectric permittivity measurements showed maxi-
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Figure 3.3: The temperature dependence of the index of refraction for Pb3ZnNb2O9

(upper curve) and Pb3MgNb2O9 (lower curve) measured at 6328 A. The points are the
experimental measurements. The insert is the temperature dependence of the low fre-
quency dielectric constant of Pb3ZnNb2O9 [22].

mum in a wide temperature range, depending on the probing frequency [12, 24, 25]. In

comparison with normal ferroelectrics, the shape of this maxima does not follow the

Curie-Weiss law ε′ = C/(T − TC). The shape of the maxima can be modeled by the for-

mula ε′ = C/(T −TC)γ, where γ has an approximate value of 2 [26]. Smolenskii proposed

that each region of the sample has a different concentration of Mn and Nb atoms, which

leads to a different Curie temperature. Later it was observed that the position of the max-

imum with respect to the measuring frequency follows the Vogel-Fulcher formula [27,28],

by analogy to spin-glasses:

ω = ω0 exp{−Ea/(kB(TMAX − TVF))}, (3.1)

where ω0, TF and Ea are fitting parameters. The dielectric spectrum can be fitted by

summation of Debye relaxators having different relaxation times [29]:

ε∗(ω, T ) = ε0(T )

∫ ∞
0

g(ln τ, T )
1

1− iωτ
d(ln τ), (3.2)
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Figure 3.4: Temperature dependence of the linear birefringence in the (001) plane of
PMN induced by an electric field E =3.3 kV/cm along [110] [23].

where g(ln τ, T ) is normalized distribution function of relaxation times:

1 =

∫ ∞
0

g(ln τ, T )d(ln τ). (3.3)

In the paper [27] the Vogel-Fulcher law for relaxation times:

τ = τ∞ exp{Ea/(kB(T − TF))} (3.4)

was used to determine the longest relaxation time using as upper integration limit in

(3.2). After fitting the experimental results, the authors obtained a reasonable freezing

temperature and the activation energy of polarization fluctuations inside the supposed

isolated regions. For PMN TF =220 K, and Ea/kB=750 K.

A strong enough static electric field can transform the NR state to the ferroelectric

phase. The field-induced phase transition of PMN takes place at TC ≈210 K while cooling

down with applied electric field stronger than 1,7 kV/cm. The ferroelectric state of PMN

has rhombohedral 3m symmetry and exhibit all features typical for normal perovskite

ferroelectric [30]. While heating the ferroelectric PMN sample the additional maximum

appears in the dielectric permittivity (Fig. 3.5) [31]. This maximum is frequency indepen-

dent and has the same position as the maximum in the birefrengence measured during the

ZFC/FH procedure of PMN [23], approximately at TF. In several materials which behave
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Figure 3.5: Dielectric constant measured during heating of a (111) electroded sample
at several frequencies. The crystal has been cooled under 2.70 kV/cm, and this field is
maintained during heating (FHFC) [31].

as relaxors at high temperatures (for example PSN, PMN-PT with large x) a spontaneous

phase transition to the ferroelectric phase takes place (NE relaxor phase does not exist

at all). Here must be mentioned that such a phase transition is usually a first order

one and takes place in the temperature interval of several degrees. This means that re-

gions with two different phases can coexist in the material probably because of structural

inhomogeneity or concentration gradients in several-component relaxors [32,33].

Optical spectroscopy methods (IR, Raman, hyper-Raman) were widely used to study

the relaxor materials. Since k-vector of visible light is very small comparable to the

reciprocal lattice vector, only phonons of the Brillouin zone center can be studied with

these methods. The polarization fluctuations can be expanded in a power series of the

incident electric field

P i(r, t) = P i
0(r, t) + ε0(

∑
j

χijEj(r, t) +
∑
j,k

χijkEj(r, t)Ek(r, t) + . . . ), (3.5)
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where i indexes Cartesian coordinates of the polarization. The first field-dependent term

is the polarization linear in the electric field which can be studied by measurement of IR

spectra of the material. The second and third terms involve higher-order susceptibilities

related to the the Raman and hyper-Raman scattering respectively. For PMN the good

fit of dielectric function to the IR reflection spectra was obtained assuming nanoregions

with uniaxial anisotropy [34]. The different orientation of regions was taken into ac-

count using the Brugemann formula for two-component composites. Raman scattering

measurements of PMN also had shown different results from the expected ones. Since

symmetry was reported to be cubic in a broad range of temperatures, no Raman active

modes should be expected. Nevertheless an intense spectrum with strong and broad

maxima is observed in PMN. One of the causes of the symmetry breaking is the B-site

disorder [22]. Measuring the temperature dependence of Raman intensities for PMN has

shown that at temperatures higher than 1000 K the Raman scattering intensity almost

vanishes as expected for the material in the real parent cubic phase [35], which means that

the another aspect than B-side disorder is involved too. Several reports were done about

noticeable changes in Raman scattering spectra while changing the temperature, but the

inferred structural transitions were not proved by other techniques and don’t have clear

explanations [36, 37]. In the case of relaxor-based complex solutions (PMN-PT, PZN-

PT) Raman scattering is widely used for investigation of the concentration-temperature

diagram (see Figure 3.6) [38, 39]. Another powerful method of optical spectroscopy –

hyper-Raman scattering is not so common. The difference from Raman scattering is that

the frequency shift involved in scattering process (phonon creation or annihilation) is

recorded with respect to doubled frequency of the incident light. More information about

this method can be found in the works of Hehlen et.al. [40]. IR spectroscopy, Raman

and hyper-Raman scattering have different selection rules calculated by group theory,

so the results of these methods usually complement each other. For example for cubic

symmetry group Pm3̄m the F2u silent mode is forbidden for IR and Raman scattering

but is allowed for hyper-Raman experiments.

Phase transitions in displacive ferroelectrics are connected with softening of low fre-

quency TO mode, which follows the Cochran law:

ω2 = A(T − T0), (3.6)

where ω is the frequency of soft mode, T0 – temperature of phase transition, A – a

parameter which is negative when T < T0. In the case of PMN this behavior of low
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Figure 3.6: Left panel shows the temperature dependence of the Raman spectra in
0.2PZN–0.8PT single crystal taken from work of Iwata et.al. [38]. Temperature evo-
lution of the Raman spectra of 0.68PMN-0.32PT investigated by Slodczyk et.al. [39] is
displayed in right panel.

frequency mode is confirmed only for T < TF and T > TB [41]. Neutron scattering

results have shown that between TF and TB TO modes are observed only for wavevectors

smaller than fixed value qwf (Fig. 3.7). This behavior called waterfall effect was firstly

observed in PZN-PT by Gehring et.al. [42]. Practically vertical slope of optical dispersion

branch makes difficult to determine the frequency of a soft mode. The determination of

low mode frequency lower than 2 eV is difficult because of the acoustic branch presence

and the strong elastic scattering coming from Bragg reflections. Nevertheless infrared

spectroscopy measurements of PMN have shown three zone-center TO modes [43]. The

lowest energy mode with A < 0 softens according to (3.6) to T0 ≈ TB. Hyper-Raman

measurements [44] revealed most neatly A > 0 soft-mode behavior and the T0 was found

to be at 390 K. Raman scattering measurements didn’t show this soft mode in PMN at

all [45, 46].

Interesting measurements and conclusions were provided by Dkhil et .al [47]. Acoustic

emission measurements of PZN and PMN have shown in addition to TB also marked

signal at 500 K for both materials (Fig. 3.8). Pseudocubic lattice parameter measured
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Figure 3.7: Solid dots represent positions of peak scattered neutron intensity taken from
constant- ~Q and constant-E scans at 500 K along both [110] and [001] symmetry directions.
Vertical (horizontal) bars represent phonon FWHM linewidths in ~ω(q). Solid lines are
guides to the eye indicating the TA and TO phonon dispersions [42].

by XRD for different materials (PMN, PZN, PSN, PMN-PT, PFW, PFN, PMT and

PST) shows appearance of a plateau in temperature dependences practically at the same

temperature T ∗ ≈ 500 K for all the materials. Authors were able to see the changes in

Raman scattering spectra at the same temperature. The mode at 270 cm−1 appears on

cooling in Raman spectra of PMN and PSN at approx. 500 K [47]. T ∗ is almost the same

for all materials with B-site disorder. It was proposed in [47], that nanoclusters appear

at TB but that they develop a static component at T ∗.

In the rest of the chapter, we review the most relevant literature findings specific to

the materials investigated in this thesis experimentally.

3.2 PMN-PT

Relaxor based ferroelectric crystals PZN-PT (PbZn1/3Nb2/3O3-PbTiO3) and PMN-PT

(PbMn1/3Nb2/3O3-PbTiO3) seem to be promising materials for electromechanical sensors

and actuators due to the huge piezoelectric properties. Poled PMN-PT shows piezo-

electric strain coefficient larger than 1500 pC/N and electromechanical coupling coeffi-

cient of 0.9. Pure lead titanate PbTiO3 (PT) is a classic ferroelectric perovskite with a

38



3.2 PMN-PT Introduction to relaxor materials

Figure 3.8: Acoustic emission activity from 450 to 750 K for PMN (black dashed line) and
PZN (red continuous line). A crystal was glued with a silver epoxy to the polished side
of an acoustic fused silica waveguide. A lead zirconate titanium (PZT-19) piezoelectric
sensor was attached to the rear end of the waveguide. The sensor was electrically coupled
to a 500 kHz band pass low noise variable preamplifier (up to 40 dB) connected to an
amplifier detector (40 dB). A Cr-Al thermocouple junction was glued to a waveguide
near the sample. A sample with the adjacent part of the waveguide was mounted from
below in a tube resistance element furnace. The AE count rate was measured at an
average cooling rate of 1–3 K s−1 [47].

phase transition from the tetragonal ferroelectric phase to the cubic paraelectric phase

at TC=770 K. Crystalline solid solutions (PMN)1−x-(PT)x are formed for all proportions

of PMN and PT. Depending on the composition, PMN-PT overgoes several structural

transitions with temperature. For x between 0.27 and 0.37 the material has the so-called

morphotropic phase boundary (MPB) - the area in the temperature-composition phase

diagram between well-defined phases (tetragonal and rhombohedral) with complicated

structure. Dielectric measurements on PMN-PT have shown that with increasing the Ti

concentration, maximum of real dielectric function sharpens and become frequency inde-

pendent for x > 0.3 [48], [49]. The most cited works dealing with the temperature-phase

diagram of PMN-PT are listed below. Choi et .al reported the MPB in PMN-PT to be

located at x = 0.3 and having a small curvature detected by pyroelectric coefficient mea-

surements [50]. Noblanc et .al , by comparing the results from dielectric spectroscopy and

x-ray diffraction has improved the phase diagram, and, in particular, around the region

of rhombohedral and tetragonal phase coexistence [49]. The five different regions were

39



3.2 PMN-PT Introduction to relaxor materials

defined in PMN-PT phase diagram (Fig. 3.9 left panel). The RE area in a diagram is a

region where rhombohedral phase can be reached only by electric field application (like

in pure PMN). The phase transition to rhombohedral state marked R is spontaneous.

The T region is a ferroelectric tetragonal phase. The T+R region is the one where a

coexistence of two phases is observed. The dashed lines separating different areas are

only indicative. The phase transition to the cubic phase is not well defined, that’s why

authors plotted two lines (Tm and Td). Tm line represents the positions of dielectric func-

tion maxima, while Td line interconnects the depoling temperatures – the temperatures

where the dielectric function of the previously poled sample abruptly changes the value to

that measured in unpoled state. Later by precise XRD measurements it was shown that

MPB is more complicated and consist of mixed tetragonal and monoclinic phases Mb and

Mc [51–53]. Araujo summarized the results and proposed the temperature-composition

phase diagram of PMN-PT with MPB separated into three regions (see Fig. 3.9 right

panel).

Figure 3.9: Left: PMN-PT phase diagram based on dielectric and XRD measurements
by Noblanc et al. Right: Modified x − T phase diagram of PMN-PT around the MPB,
adapted from Noheda et al. (Noheda et al., 2002a), (Noblanc et al., 1996), Choi et al.
(Choi et al., 1989) and Li et al. (Li et al., 2006). The MPB includes the phase coexistences
MB+MC (Cm+Pm), MC+T (Pm+P4mm) and T+MC (P4mm+Pm) based on Singh
and Pandey’s results (Singh & Pandey, 2003) [54].

Best piezoelectric properties of PMN-PT were reported for compositions near the

MPB after the frustrative poling (domain engineering) procedure [55, 56]. For example

in rhombohedral phase, there are eight possible domain orientations with a spontaneous

polarization oriented along one of <111> directions. After poling along the [100] non-
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polar direction only four domain variants will be preferred, with polar vectors along

[111], [111̄], [11̄1] and [11̄1̄] equally inclined with respect to the poling direction. Such a

configuration is labeled as the 4R state, and it is stable upon the application of the electric

field along the poling direction due to absence of driving force for domain wall motion.

Different domain configuration can be engineered depending on crystal symmetry and

poling direction. 3T configuration can be obtained while poling the tetragonal crystal

along [111] direction. High piezoelectric coefficient of frustratively poled PMN-PT (or

other relaxor-PT materials) is caused by the possibility of the easy tilting the spontaneous

polarization by applying electric field along non-polar direction.

Raman scattering experiments for PMN-PT for 0 ≤ x ≤ 0.38 were in details investi-

gated by Slodczyk et.al. [39]. The proposed phase diagram is based on complementary

x-ray, dielectric and Raman scattering studies, but mainly the Raman scattering results

were discussed in the report. The pure PMN at high temperatures (700 K) seems to have

cubic Fm3̄m phase originated from 1:1 ordering in the B sublattice with four allowed

Raman-active modes. Below Burns temperature (600 K) the number of experimentally

observed modes increases probably due to the appearance of polar nanoregions with rhom-

bohedral symmetry R3m. At 77 K the authors of [39] detected 11 Raman-active modes

in pure PMN. The same behavior was measured for PMN-0.9PT. For x = 0.21, 0.28

these authors proposed that six Raman active modes recorded at 700 K are coming from

nanoregions of rhombohedral symmetry R3m. At 600 K some splitting and appearance

of new modes was detected. The most changes were observed in the vicinity of the cubic-

rhombohedral phase transition. The number of Raman active modes was found to be

higher than predicted by group analysis (14 instead of 12). The explanation can be the

presence of 1:1 ordering at low temperatures or the presence of nanoregions with a sym-

metry lower than the rhombohedral one. The compositions with x = 0.32 and 0.38 have

shown 7 Raman active modes at 700 K which is in agreement with the presence of tetrag-

onal nanoregions. Again the most pronounced changes were noticed at 600 K and at the

cubic to tetragonal phase transition temperature. The higher number of modes cannot

be explained by only one pure phase of the material. There were no noticeable changes

in Raman spectra in the vicinity of the second phase transition for the compositions with

21 < x < 38.

IR measurements in PMN-PT were reported in [57, 58]. In the report of Kamba

et.al., the IR reflection spectra of PMN-29PT and PZN-8PT samples were measured in

the temperature interval from 10 to 540 K [57]. The loss spectra of these materials show

three main peaks corresponding to three IR active phonons of the simple cubic paraelectric
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Figure 3.10: Permittivity and dielectric loss spectra of PMN-29PT obtained from the fits
of reflectivities [57].

structure which do not change much on heating (see Fig.3.10). No mode softening was

observed near any of the ferroelectric phase transitions which indicates that the transitions

are not connected with any short-range order changes. Few additional weaker IR modes

exist in spectra and disappear on heating. In case of B-site disorder the average primitive

cell would contain only one formula unit and only 3, 7 and 7 IR active modes are expected

in the paraelectric tetragonal and rhombohedral phases, respectively. In the case of 1:1

ordering, the primitive cell is doubled and the number of IR modes increases. For the

Fm3̄m paraelectric phase, there are 4 active modes, for the I4mm tetragonal phase –

14 and 16 for the R3m rhombohedral phase. In practice IR spectra at 540 K revealed

5 active modes for PZN-8PT and 6 for PMN-29PT. Authors proposed this modes to be

connected with the presence of three different atoms in B-site or polar cluster presence in

paraelectric phase. On cooling down into the ferroelectric phases several weak addition

modes appear but authors had not observed any clear difference between the spectra in

the rhombohedral and tetragonal phase. At 10 K 9 and 11 IR active modes wee observed

for PZN-8PT and PMN-29PT respectively.

The work of Bovtun et.al. [58] describes in details the dielectric spectroscopy in wide

frequency range (using IR, MW and time-domain THz spectroscopy) of PbMg1/3Nb2/3O3–

35%PbTiO3 ceramics. Comparing results of measuring ceramics with two different grain
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3.2 PMN-PT Introduction to relaxor materials

sizes (4µm and 150 nm noted in report as coarse grain ceramics and fine grain ceramics) it

was pointed out that low frequency permittivity (at 100 Hz) at TC of fine grain ceramics is

about three times smaller than that of coarse grain ceramics (see Fig. 3.11(a)). The high-

frequency permittivity differs only by 25 % while at THz frequencies is almost the same

(see Fig. 3.11(c),(e)). coarse grain ceramics were repoted to exhibit sharp dielectric per-

mittivity maximum, corresponding to the feroelectric phase transition at TC=440 K and

addition anomaly at TRT=270–290 K corresponding to tetragonal-rhombohedral phase

transition. On the other hand, fine grain ceramics shows no sharp anomalies in the di-

electric function, but only the typical relaxor ferroelectric response. It was shown that

the dielectric function can be fitted to empirical Cole-Cole equation with three relaxation

contributions in the case of coarse grain ceramics, but only to one relaxation contribu-

tion in the case of fine grain ceramics. Authors explained this difference as suppression

of polar nanoregions (PNR) flipping mechanism in fine grain ceramics due to the pinning

them at grain boundaries.

Figure 3.11: Temperature dependences of the [(a),(c), and (e)] dielectric permittivity ε′

and [(b), (d), and (f)] loss ε′′ of the CGC (solid lines) and FGC (dash lines) at [(a) and
(b)] 100 Hz, [(c) and (d)] 300 MHz, and [(e) and (f)] 250 GHz [57].
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3.3 PIN-PMN-PT Introduction to relaxor materials

3.3 PIN-PMN-PT

The relaxor-PT based ternary solution (1−x−y)Pb(In1/2Nb1/2)O3-yPb(Mg1/3Nb2/3)O3-

xPbTiO3 (PIN-PMN-PT) grown in single crystal form was found to be promising al-

ternative to PMN-PT due to higher range of application temperatures [59, 60]. High

quality crystals, large enough for applications, were grown by the vertical Bridgman

technique [60]. Before the growing, oxide powders are mixed at the nominal composition.

The real composition of PIN-PMN-PT crystal depends on the place where it was cut

from the boule [61, 62], thus only small part of the grown material has the composition

corresponding to the morphotropic phase boundary. Similarly as for PMN-PT, the best

properties are achieved for the MPB compositions in the rhombohedral phase poled in

the [100]pc direction (4R state) [63, 64]. Thus, the most important for application is to

achieve the higher TRT. In fact, the huge piezoelectric coefficients were found in the

[111] poled tetragonal phase (3T state) of PIN-PMN-PT [65]. Reported temperatures of

phase transitions from the rhombohedral to the tetragonal phase for PIN-PMN-PT MPB

solution are at about 30 K higher than in PMN-PT, while the phase transition to the

paraelectric phase takes place at about 200 ◦C. Rough phase diagram of PIN-PMN-PT

ternary solution, based on data measured on the polycrystalline ceramics [66], is shown

in Figure 3.12.

Figure 3.12: Phase diagram of PIN–PMN–PT ternary system, published in Ref. [66] Black
dots are the selected compositions, investigated in [66]. Other data is from independent
reports (Red hollow squares: Hosona et al. [67]; blue hollow triangles: Lin et al. [68];
green hollow circles: Pham-Thi, et al [69]).

The morphotrophic phase boundary (MPB) lying between tetragonal and rhomohe-

gral sides in the phase diagram is still object of debates due to its complicated structure.
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3.3 PIN-PMN-PT Introduction to relaxor materials

Despite PIN-PMN-PT samples were mostly characterized by X-ray diffraction and di-

electric measurements [61, 62, 70, 71], several Raman scattering investigations were done

too [72,73]. It was reported that the 27PIN-40PMN-33PT composition undergoes 3 phase

transitions (it has 4 different phases) in the temperature range from 80 to 800 K, all clearly

seen by the polarized Raman scattering (see Fig. 3.13). The temperature dependences of

the Raman band intensity ratios show that the first phase transition between the multi-

phase structure (consisting of rhombohedral R3m, orthorhombic Amm2 and monoclinic

Pm phases) and the rhombohedral R3m phase takes place at 300 K. Phase transitions

from the rhombohedral R3m to the tetragonal P4mm phase and from the tetragonal

to the cubic Pm3̄m paraelectric phase were reported to be at 390 and 460 K, respec-

tively (see Fig. 3.13). Interestingly, in the same report, a slightly different composition

of 28PIN-41PMN-31PT didn’t show any step-like changes in the Raman spectra in the

measured temperature region at all.

Figure 3.13: Temperature dependence of (a) the intensity ratio of the modes at 280 and
790 cm−1, and (b) the intensity ratio between the modes 280 and 790 cm−1 in the VH
scattering geometry and (c) the intensity ratio between the modes 510 and 600 cm−1 in
the VH scattering geometry. The dotted lines show the respective transition tempera-
tures, including TC at 460 K, rhombohedral to tetragonal phase transition temperature
TR−T at 390 K, rhombohedral to the coexistence of multiple phase transition temperature
T(R+M+O)−R at 325 K, and the multiple coexisting structures below the room tempera-
ture [73].
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3.4 PFN-PT

Other interesting examples of relaxor ferroelectric crystals are Pb(Fe1/2Nb1/2)1−xTixO3

(PFN-xPT) solid solutions. Pure PFN was found to be antiferromagnetic ferroelectric

material [74] with Néel temperature at about TN=143 K and Curie temperature at about

TC=374K. Room temperature structure of pure PFN was proposed to be rhombohedral

R3m [75] or monoclinic Cm [76]. PFN belongs to single-phase multiferroic materials,

similar to PbFe1/2Ta1/2O3 (PFT) and PbFe2/3W1/3O3 (PFW). Fe3+ ions lead to the fer-

romagnetic order and Nb5+, Ta5+ or W6+ ions are responsible for the ferroelectric order,

all occupying the same B-site. ME effects were detected as jumps in the dielectric con-

stant or as anomalies in Raman spectra at TN [77–80], and as a dielectric constant changes

induced by the external magnetic field [81].

Figure 3.14: Phase diagrams of PFN-xPT. Left-hand panel shows phase diagram detaily
measured for small concentrations of PT by Singh et al [82]. Inset shows that extrapo-
lation of straight line fit of the ferroelectric to paraelectric phase transition temperature
to the PT end gives a TC ∼ 763 K for PT. Phase diagram shown on the right-hand panel
was roughly measured for all PT concentrations by Sai Sunder et al [83].

PFN-PT solutions were proposed to have high piezoelectric properties, similar to

PMN-PT and PZN-PT, especially those having composition corresponding to the mor-

photrophic phase boundary (MPB) separating the relaxor ferroelectric monoclinic (or

rhombohedral-like) phase and the tetragonal ferroelectric phase on the high-PT concen-

tration side. A detailed temperature-composition phase diagram in low Ti concentration

region (x < 0.15) was reported by Singh et.al. [82] (see Fig. 3.14 left panel). Magnetiza-

tion studies revealed that the antiferromagnetic phase exists only on the poor-PT side of
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3.4 PFN-PT Introduction to relaxor materials

the MPB – the two antiferromagnetic transitions were observed only for the monoclinic

compositions with x < 0.08, while in the tetragonal composition with x > 0.08, there

was only one magnetic transition [82].

Several reports were published on Raman scattering studies on PFN ceramics, thin

films and single crystals [78–80]. The spectra look as expected for lead-based relaxors

(see Section 3.1) – showing broad asymmetric bands, without marked following of selec-

tion rules for polarized Raman scattering. Spectra of PFN show a weak temperature

dependence and no radical change on phase transition to paraelectric phase. Also the

measurement of PFN Raman spectra is complicated by strong light absorption caused by

high conductivity of the samples. All those facts complicate the Raman modes assignment

in pure PFN.
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Chapter 4

Experimental method

4.1 Raman spectrometer

The main technical advantage of Raman spectroscopy is the usage of equipment working

in visible or near-visible optical range. For this purpose the grating monochromator with

standard visual range optics is used as most cheap and easy to maintain option. The

powerful monochromatic light source is needed for excitation of the sample, so the Raman

scattering technique started to be popular after the invention of laser sources (He-Ne laser

was invented in 1961). Nowadays most common lasers used in Raman spectroscopy are

Ar (514, 496, 488, 476, 458) and Kr (647, 531) ion lasers, still He-Ne (632) and solid state

semiconductor lasers (GaN 515, GaAlAs 788). The example of Raman scattering setup

is shown in Fig. 4.1.

Here is shown measurement in right angle geometry – direction of incident and scat-

tered beams differ by 90 degrees. Laser output beam usually needs several corrections

before it is sent to the scattering media. Firstly the laser beam is expanded to decrease

its power density. This can be done for several reasons: the optical elements cannot be

damaged by high light power density; the system is less sensitive to undesirable light

scattering by defects and dust on optic elements; holographic filters which can be used

to suppress Rayleigh scattering are more effective working in full aperture; using Keple-

rian telescope as the beam expander with pinhole positioned into focus point improves

the space resolution of micro-raman measurements. The plasma lines of gas lasers can

reveal in final spectra and usually have to be filtered by multilayer filters available now

in big amount or by using the simple monochromator consist of prism and output slit.

The spectrometer shown in Fig. 4.1 is mostly common Czerny-Turner arrangement grat-

ing monochromator. Part of Raman scattering light is collected and focused by the lens

48



4.1 Raman spectrometer Experimental method

Figure 4.1: Raman spectrometer (A single grating monochromator in Czerny-Turner
arrangement is shown here).

on the entrance slit of the monochromator. Entrance slit and first concave mirror form

collimator. The beam from collimator illuminates the dispersing element, usually plane

grating. Second mirror is used to form the image on photo-detector. Nowadays as the

most effective multichannel detector CCD cameras are used.

All Raman spectroscopy measurements analyzed below were done using RM 1000

micro-raman spectrometer. Single-grating monochromator connected to Leica microscope

forms a compact easy to use system. Firstly micro-Raman spectrometer was mentioned

in 1974 at the IV-th international conference on Raman Spectroscopy by M. Delhaye and

P. Dhamelincourt. The main idea was to couple the conventional optical microscope to

grating spectrometer. Cook and Louden reported the construction of a microscope at-

tachment for a Raman spectrometer [84] and micro-Raman setup quickly became popular.

One possible micro-Raman setup arrangement is shown in Fig. 4.1. Infinity corrected mi-

croscope is equipped by beam-splitter allowing to introduce laser excitation beam and

drive out the Raman scattering light from the tube. Second beam-splitter is used to

separate the optical path of the incoming laser beam and out-coming scattered beam

sent to monochromator. The main problem is that in backscattering geometry (the only

available geometry in this case) a big amount of scattered light with the laser frequency

(Rayleigh scattering) coming inside the monochromator. Several possible solutions are

available to suppress the Rayleigh scattering. First solution is to use a triple monochro-
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4.1 Raman spectrometer Experimental method

mator where the first two stages are working in dispersion subtraction mode. Here the

wavelength range passing first two monochromators is defined by width of intermediate

slit and can be shifted to 15 - 20 cm−1 from the laser frequency. In case of our spectrome-

ter these monochromators are combined in a compact module named by manufacturer as

Near-Excitation Tunable filter (NExT). The main disadvantages are low efficiency (ap-

prox 25 % of useful signal passes through) and not easy to maintain operation. Second

possible solution is to use the popular nowadays dielectric multilayer notch or edge fil-

ers. These filters can be used additionally or can be used as second beam-splitter and

are available for different incident angles of laser beam. To get as close as possible to

excitation frequency and to have wide transmission range usually long-pass edge filters

are used. The position of transmission edge can be tuned by tilting the filter. New

edge filters allow to get approximately to 60 cm−1 close to excitation line without high

signal loss [85,86]. Third solution is to use the Bragg filter – a phase holographic grating

recorded in photo-thermo-refractive (PTR) glass [87]. For high laser line suppression

achievement three filters are usually used – the first one is a beam-splitter (Ondax’s

NoiseBlockTM or BragGrateTM Bandpass Filter) with 90 % diffraction efficiency and two

following Bragg notch filters (Ondax’s SureBlockTM or BragGrateTM Notch Filter) to

achieve common optical density of 7-8 [88, 89]. Such set allows measuring Stokes and

Anti-stokes Raman scattering down to 5 cm−1 from the excitation line with acceptable

signal loss (60 %). Main advantages using the micro-Raman setup:

� possibility of optical observation of sample area to be measured

� easy to operate (after finding the place to be measured under the optic microscope

just to switch the mirror in the microscope and send the collimated laser beam

through the microscope towards the sample)

� high Raman signal is obtained because of possibility to focus the laser beam into a

small spot by high quality microscope objective

Disadvantages:

� micro-Raman systems usually have lower spectral resolution than conventional ones

� only back scattering geometry is usually available

� conical incident and scattered beam, especially if objective with small focal distance

is used (leakage of modes forbidden in strict back-scattering geometry)
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Figure 4.2: Schematic of micro-Raman system taken from Renishaw website [90].

4.2 Additional equipment for Raman scattering

measurements

To perform advanced measurements on Raman spectrometer user usually needs additional

equipment. Temperature control of the sample is needed to investigate different phases of

the sample or just to achieve better Raman modes resolution at temperatures lower than

ambient. For temperature range from 77 K to 1500 K a special cell mounted on microscope

table can be used. Mentioned temperature range cannot be available in one cell due

to technical difficulties. The Linkam corporation offer different cells, mainly separated

to high temperature cells with range from ambient to 1500 ◦C with platinum electric

heater and liquid nitrogen cells with temperature range from -196 ◦C to +600 ◦C [89].

Additional features of these cells can be possibility to control the atmosphere inside the

cell (fill it with desired gas or evacuate) and to apply the electric field through the wires

driven inside. Figure 4.3 shows schematic arrangement of Linkam cell. The whole system

consists of the cell, temperature controller, nitrogen pump and glass dewar. On cooling,

a liquid nitrogen from dewar is driven through the silver block, where it evaporates.

Gaseous nitrogen coming out from the pump usually is used to fill the cell inside and

prevent ice formation on the sample and to dry the outer window surface from condensed
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water. The external water cooling system is used to prevent the overheating the cell and

surroundings. At temperatures higher than ≈ 600 ◦C thermal radiation filter should be

installed between the cell and microscope objective.

Figure 4.3: Controlled atmosphere and temperature cell for use with the Raman micro-
probe [91].

If temperatures lower than liquid nitrogen boiling point are needed, a helium cryostat

is used. Since helium cryostat is quite heavy and not easily movable equipment, it is

no more possible to use the microscope table for changing the measuring point of the

sample. Good solution is to use special adapters making possible the microscope objective

movement. Since standard microscope objective has focal distance not more than ≈
20 mm, the best choice is to use compact continuous-flow cryostat (see Figure 4.4).

If the symmetry phase of the sample or the directions of sample crystallographic

axes are unknown, a measurements with different sample orientation with respect to

polarization of the incident and scattered light are needed. For this purpose a motorized

rotation table can be used to perform the measurements automatically. Such rotation

stages are offered by many known companies producing optomechanical components [92–

94].

Optional equipment for forward and right-angle scattering can be used to measure

more scattering geometries (different Raman tensor components) and to set more possible

k-vector directions which can have a strong influence on measured spectra. In our case a

custom made parts were manufactured to make possible such measurements. Since micro-

Raman in our lab is equipped with He-Ne laser and all filters needed to work with its

wavelength (6328 A), it was decided to make these additions with another compact 2 mW
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Figure 4.4: Typical system setup for low temperature measurements with ’MicrostatHe2
Rectangular Tail’ cryostat from Oxford Instruments [95].

He-Ne laser because of low weight and dimensions. In case of right-angle scattering

the laser is mounted on microscope table together with mirrors, plasma filter, 3-axis

micro table and excitation objective. Then the scattered light is collected by microscope

objective and passes the same way as in case of normal operation (see Fig 4.5 a). 3-axis

micro table is used to set the position of the sample with respect to excitation beam

focusing point. For measuring forward scattering, the laser, plasma filter and excitation

objective are mounted on additional vertical movement table. The sample is placed on

microscope table as usually, but instead of object glass a metal desk with a hole is used

(see Fig 4.5 b). By moving the additional vertical movement table the focal points of

excitation objective and collecting objective are matched.
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Figure 4.5: Additional equipment for micro-Raman setup for measuring in non-standard
geometry: a) for right-angle scattering, b) for forward scattering. Numbered positions in
schematics are: 1-micro-Raman spectrometer, 2-regular objective, 3-regular microscope
XYZ table, 4-additional low size He-Ne laser, 5-plasma filter and half-wave plate for
polarization control, 6-additional excitation objective, 7-compact XYZ table for sample
positioning 8- vertical movement stage, 9-mirror.
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Chapter 5

Results and discussion

5.1 Macroscopic lamellar heterophase pattern in

Pb(Mg1/3Nb2/3)O3-0.32PbTiO3 single crystals

A crystalline solid solution Pb(Mg1/3Nb2/3)O3-PbTiO3 is a ferroelectric material widely

used in various applications of electromechanical sensors and actuators [55, 56, 96]. The

morphotrophic phase boundary (MPB) separating titanium rich tetragonal-like phase

from titanium pure rhombohedral-like phase is lying in a Ti concentration of about 0.33

(see Section 3.2). The best piezoelectric properties are achieved in rhombohedral-like

phase of PMN-PT when the material is poled along [100]pc direction. After such poling

(sometimes called frustrative poling or domain-engineering) PMN-PT has multi-domain

structure with several preferred domain states at a time [56, 97]. This high-performance

state can be easily destroyed by heating the sample above the phase transition tem-

perature TRT, that’s why one of the major problem is to increase the phase transition

temperature of this class of materials.

The Ti-poor rhombohedral-like phase close to MPB was found to have a complicated

micro- and nanoscale domain structure. It is usually described by a lower symmetry

phase, most often as monoclinic MA or MC, or even as a mixture of different symmetry

phases [97–102]. The tetragonal side of the MPB is also can be explained as monoclinic

MB phase. The MPB composition PMN-32PT with the structure consisting of domains

of different symmetry will be discussed in this chapter. These results are published in

reference [103].

During the Raman scattering investigation of PMN-0.32PT single crystal at the tem-

perature values near the rhombohedral-tetragonal phase transition (TRT) it was observed
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5.1 Heterophase pattern in PMN-32PT Results and discussion

that sample was divided into stripes (domains) of different symmetry. The lamellar pat-

tern observed was proposed to be an array of planar interfaces between the rhombohedral-

like and the tetragonal-like areas. The proposed scenario was confirmed by detailed

analysis of polarized Raman scattering investigations.

V

[001]

[010]

[100]

(b)

Figure 5.1: Sketch of the experimental geometry allowing in situ Raman scattering or
optical microscopy imaging of a facet perpendicular to the applied electric field.

The samples were the 0.5 mm thick platelets with edges oriented along pseudocubic

directions <100>pc (pseudocubic crystallographic directions are referred to the parent

cubic phase cell of pure PbTiO3). Main facets were covered by evaporated golden elec-

trodes, while Raman scattering experiments and optical observations were performed

from small facet previously polished to optical quality (see Fig. 5.1). Measurements were

performed using a microscope Raman scattering spectrometer (see Section 4) with Linkam

high temperature cell attached. To have an opportunity of electric poling of the sample

at desired temperature and to measure angular dispersion of Raman scattering at the

same moment, a high temperature cell with mounted sample inside was previously fitted

on rotation table of the spectrometer microscope. Golden electrodes of the sample were

connected through silver wires and sealed connector of the cell to DC voltage source.

To obtain the mentioned structure, the sample was first heated to 470 K at a rate

of 5 K/min and then cooled down at the same rate under applied electric field of about

300 V/mm. After that, the sample was heated again at a rate of 5 K/min without electric

field. At a temperature of about 360 K, a formation of stripes of 10-100µ thickness

running across the sample at 45◦ was observed (see Fig. 5.3). Such structure appeared

in several samples with the same composition each time after procedure described and
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shown in Fig. 5.2 was performed.
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Figure 5.2: Schematic temperature vs [100]pc electric-field phase diagram with thermo-
dynamic trajectory showing the adopted ZFHaFC experimental protocol.

Such structures can appear due to the formation of ferroelastic domains of low temper-

ature rhombohedral or high temperature tetragonal phase but later it will be proved that

in this case the light and dark areas correspond alternatively to lamellas of tetragonal-like

and rhombohedral-like areas, respectively. In both cases, the formed interfaces separate

areas with different spontaneous strain tensors, and due to the strain compatibility re-

quirements can have only defined orientations [104–106].The first argument in favor of

interphase structure is a fact of its appearance close to TRT temperature. To confirm this

assumption, a detailed analysis of Raman scattering investigation and comparison with

PMN-PT samples poled in a different way was done.

As was previously mentioned in Section 3.2, the Raman spectrum of PMN-PT changes

only slightly during the phase transition in ferroelectric phase and the symmetry of phase

insight MPB is also not clearly understood [51–53]. Fortunately, angular dispersion of

Raman spectra allows understanding the symmetry of measured area phase, by comparing

the relative intensities of chosen bands. The differences of Raman spectra in dark and

light areas is better seen in crossed-polarized (HV) geometry. Fig. 5.5(a) shows the spectra

from selected dark and light stripes in HV geometry when polarizations of incident and

scattered light are oriented along two perpendicular pseudocubic axes. The difference of

these two spectra is mostly noticeable while comparing shapes and intensities of bands

near 600 or 800 cm−1. The difference can be quantified using ratios of intensities between

different bands. The ratios I570/510 and I780/720 of intensities at respective frequencies in
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Figure 5.3: Macroscopic stripe pattern formed in a PMN-0.32PT crystal after the
ZFHaFC process sketched in Fig. 5.2. (a) Optical micrograph in a reflection mode and
(b) schematic illustration. Red crosses indicate orientation of polarizers in incident and
scattered beam in configurations with a minimum Raman intensity at 570 cm−1.

subscripts are found to be the most informative and were already used in report [107] to

distinguish two types of coexisting structural “microregions” of irregular shape in PMN-

0.33PT, assigned to the MA (i.e., rhombohedral-like phase) and MC (i.e., tetragonal-like

phase).

Figure 5.4 shows the difference of Raman spectra collected from PMN-PT single

crystal in rhombohedral-like phase. Bands of this ratios were chosen in intuitive manner

to have the most significant changes of intensities in numerator and practically constant

intensities (or changing in opposite manner) in denominator. Nevertheless, according to

the Raman modes assignment in pure PT [108] and calculations reported in Ref [109],

bands with frequencies 270 cm−1 and 510 cm−1 may refer to E(TO) modes, while those

with frequencies 570 cm−1 and 780 cm−1 are referred to A1(TO) modes. The ratio I780/I720

was used while recording Raman map of a small region of the sample containing stripes

seen in polarized optical observations. The results (see Fig. 5.5(b)) clearly match the

structure observed optically confirming 100µ stripes to be areas with different symmetry.

In order to obtain more detailed information about the observed structure, angular
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Figure 5.4: Crossed-polarized (HV) Raman spectra of PMN-0.32PT single crystal at
390K. Red curve corresponds to measurement geometry when polarization of incident
light is oriented along [100]pc direction (see Fig. 5.1, while black curve is the spectrum of
the sample rotated by 45 degrees about [001]pc axis. Bands marked by dashed lines are
used in ratios characterizing the orientation and the symmetry of the sample.

dispersion of Raman spectrum in both stripes was recorded. Raman spectra were mea-

sured at angles between the polarizer and pseudocubic crystal axes from 0◦ to 180◦ with

5-degree steps. Two sets of spectra recorded from dark and light stripes are shown in

Fig. 5.6. Behavior of spectra collected from the dark stripe is typical for rombohedral-like

phase of PMN-PT crystals having maxima at ϕ = πn/2, n = 0, 1, 2..., same as for pure

PMN [110] and other rhombohedral ferroelectric crystals [111]. The opposite behavior

is shown in spectra collected from light areas - the maxima are shifted by 45 degrees

(maxima at ϕ = π(2n + 1)/4, n = 0, 1, 2...) with respect to those measured in the dark

areas (see Fig. 5.7).

Such angular shift cannot be simply explained by measurement in a different domain

of the same rhombohedral phase: all possible Raman tensors of inequivalent rhombo-

hedral ferroelastic domain states can be obtained by rotation around the fourfold axis

parallel to the [001] direction (i.e., by a 90◦ shift in ϕ, not by a 45◦ shift in ϕ). In

the case of tetragonal phase, the domain compatibility allows such oriented interfaces

between domain states with main axis (tetragonal axis) oriented perpendicular (rotated

by 90 degree) to each other. The same argument can be said about the domain bound-
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(a) (b)

Figure 5.5: Micro-Raman study of the stripe pattern of a PMN-0.32PT single crystal
prepared by ZFHaFC process sketched in Fig. 5.2. (a) Cross-polarized [z(xy)z] Raman
spectrum of a PMN-0.32PT single crystal taken from spots (A) and (B) within dark and
light stripes, respectively. (b) Map of the I780/I270 ratio of the cross-polarized Raman
scattering intensities recorded at 780 and 270 cm−1 reveals the stripe pattern. (The
edges of the imaged area are parallel to the pseudocubic crystal axes and to the sample
edges as well).

aries of the same monoclinic phase, which can be structurally close to rhombohedral or

tetragonal phase (MA or MC). The most realistic explanation of obtained structure is

two-phase state of alternating rhombohedral (or rhombohedral-like monoclinic) areas and

tetragonal (or tetragonal-like) areas with [001]pc projections of the optical axes oriented

at 45 degree to each other.

Later it was found that the same structure can be obtained in another way, and will

stay stable even at room temperature. Sample was heated above TC (510 K) to erase

all previously preferred domain orientations and after 10 min annealing was cooled down

to room temperature (cooling and heating rates were 20 K/min). During the application

of electric field (30 V/min) the formation of 45◦ stripes can be observed through the

microscope at voltage values of 160 V. If the applied field is removed quickly (> 60 V/min)

after stripes appearance, the structure can stay stable. An example of such structure

obtained in a way mentioned above, is shown in Fig. 5.8(b). Figure 5.8(a) shows the

dependence of Raman spectra on position along the line crossing the stripes marked in

Fig. 5.8(b). The Raman spectra are similar to those obtained previously near 360 K,

with a clear difference between the light and dark stripes. The angular dispersions of

Raman spectra intensity ratios shown in Figure 5.9 were recorded from dark and light

stripe for both HV and VV geometry with 5 degree angle step. The angular dependence

of the I780/I270 measured in HV geometry is similar as that obtained at temperatures

slightly above the TRT (see Fig. 5.7). In the case of two-phase structure this will mean
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Figure 5.6: Cross-polarized backscattering Raman spectra of a PMN-0.32PT single crys-
tal prepared by ZFHaFC process sketched in Fig. 5.2, taken from a light (a) and dark
(b) stripe, respectively, at varying positions of the polarizer axis (the indicated angle ϕ
defines the direction of polarizer axis with respect to pseudocubic axes of the crystal; for
ϕ = 0, the polarizers are parallel to the pseudocubic crystal axes and sample edges). The
angular dependence suggests that the light and dark stripes correspond to tetragonal-like
and rhombohedral-like ferroelectric structural variants, respectively.

that tetragonal phase can exist in this material at temperatures few tens of degree lower

than TRT. On the other hand, dark regions were found to exist at temperatures higher

than TRT but their area was strongly reduced on passing through the TRT, which can be

considered as a signature of the rhombohedral-like nature of the dark-stripe area.

The angular dependences of I780/I270 and I570/I510 (see Fig. 5.9 and Fig. 5.10) intensity

ratios measured in VV geometry from dark stripe show a clear maximum when polar-

izer and analyzer are oriented along [110]pc direction (polarizers are perpendicular to the

stripes, see Fig. 5.8), but for polarizations oriented along [11̄0]pc this ratios show only

small local maxima. Similarly, the parallel-polarized I570/I510 intensity ratio measured in

light stripe is markedly different when polarizers are parallel to the [100]pc and [010]pc

directions, respectively (see Fig. 5.10(d)). The direction of polarizations where the men-

tioned ratios have maximum value show the orientation of symmetry plane consisting the

spontaneous polarization vector. In case of light stripe which according to our assump-

tions relates to the tetragonal phase, [100]pc direction is the direction of sample poling

and seems to be the direction of the spontaneous polarization.

As additional measurements, which may help to understand the orientation of spon-

taneous polarization in the dark stripes, Raman scattering of single domain PMN-32PT

sample at room temperature was performed. The sample was the [111]pc oriented 1-
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Figure 5.7: Angular dependence of the I780/I270 ratio relating the cross-polarized Raman
scattering intensities recorded at 780 and 270 cm−1, evaluated from data of Fig. 4. Panels
allows us to compare (a) data taken in light stripe and (b) data taken in the dark stripe.
Full lines are guides to the eye.

mm thick plate poled across its thickness. The (001)pc face was polished to provide the

Raman scattering measurements with the same orientation. The optical transparence

of the sample confirmed that the sample was in a single domain state. Single-domain

sample shows very similar angular dependence of the Raman spectra as that obtained in

dark stripes. Figures 5.10(a),(b) show the angular dependence of I570/I510 ratio of single-

domain sample, and that measured from dark stripes. In the case of single-domain sample

the direction of spontaneous polarization projection on the (001)pc plane is oriented along

[110]pc direction. The I570/I510 has smaller maximum value when the polarizers are paral-

lel to it, which confirms that in the case of the dark stripe, the spontaneous polarization

projection is oriented perpendicular to the direction of the stripe.

The same measurements were performed on [100]pc oriented (and poled) sample which

is mostly used in various applications due to high values of the macroscopic d33 piezo-

electric coefficient [55, 56, 96]. Samples poled in this way show multidomain state with

a macroscopic 4mm symmetry, consisting of 4 equivalent-probability rhombohedral-like

domains. Raman intensity ratio I570/I510, detected in the geometry of Fig. 5.1, is demon-

strated in Fig. 5.10(c). As was expected for rhombohedral-like phase, the maxima of this

ratio are obtained when polarizers are oriented along [110]pc and [11̄0]pc directions, but

unlike this ratio dependence measured in dark stripes and mono-domain samples, these
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Figure 5.8: Macroscopic stripe pattern observed at ambient conditions in a PMN-0.32PT
crystal rapidly quenched from a state similar to that shown in Fig. 5.3 (a) Polarized Ra-
man intensity as a function of Raman shift and a position along the Raman measurement
trajectory, indicated by straight line in the optical micrograph (b). Polarizer and analyzer
were both parallel to the [100]pc poling direction. The optical micrograph is taken in a
reflection mode.

maxima have practically the same value. This fact is explained by equal fraction of the

domain states with polarization oriented along the [111]pc, [111̄]pc, [11̄1]pc and [11̄1̄]pc

crystallographic directions. Comparative analysis of all measured Raman scattering data

is capable of distinguishing clearly the rhombohedral and tetragonal phase content in

PMN-xPT crystals.

Useful analysis can be done on comparing cross-polarized Raman scattering spectra of

two different stripes with those measured at a temperatures much aside TRT. Thus spectra

obtained from the dark stripe (assigned to be rhombohedral-like phase areas) should be

compared with low temperature measurements corresponding to clearly rhombohedral-

like macroscopic symmetry shown in Figure 5.11. Though the low temperature spectra of

PMN-PT differs from those obtained at ambient conditions due to mode frequency and
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Figure 5.9: Angular dependence of the intensity ratios I780/I270 for the parallel-polarized
(full lines) and cross-polarized (dashed lines) Raman scattering intensities, evaluated from
the measurements taken at ambient conditions. Panels show (a) data taken in a light
stripe and (b) data taken in a dark stripe of the structure shown in Fig. 5.8.

damping temperature dependence, the shape and relative intensities of 570 and 780 cm−1

bands are still quite similar. Figure 5.12 shows temperature dependence of Raman scat-

tering spectra on heating from ambient conditions to 475 K (corresponding to paraelectric

phase of PMN-0.32PT). The sample, previously annealed at high temperatures clearly

shows a phase transition to tetragonal phase by intensity decrease of 570 and 720 cm−1

bands (see left panel of Fig. 5.12). The shape and relative intensities of 570 and 780 cm−1

bands after the phase transition are similar to those measured in light stripes of observed

lamellar structure. The phase transition to paraelectric phase can be recognized by over-

all increase of Raman scattering intensity at a temperature of about 470 K. Right panel of

Figure 5.12 shows the Raman spectra at different temperatures of the sample, previously

poled to 4R state. Even at high temperatures (corresponding to cubic phase) Raman

spectra of the sample show ”rhombohedral” behavior. The sample was driven to cubic

phase after applying a weak electric field (3 kV/cm).

Finally, here we should note that the behavior of PMN-xPT samples while crossing

TRT is not usual: instead of arriving of individual front, which is observed in materi-
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Figure 5.10: Angular dependence of the I570/I510 intensity ratio for the parallel-polarized
Raman scattering intensities, evaluated from the measurements taken at ambient condi-
tions. Panels allow us to compare (a) data taken in the dark stripe probed in Fig. 5.9(b),
(b) data taken in a single domain ([111]pc-poled) sample, (c) data taken in a multidomain,
frustratively poled ([100]pc-poled) sample, and (d) data taken in the light stripe probed
in Fig. 5.9(a). The scattering geometry with respect to the pseudocubic crystallographic
axes is common to all four cases displayed.

als near the first-order phase transition due to temperature or concentration gradient

( [32,112]), many parallel interfaces are formed at a time, at 10-100µm distances. Similar

structures were possibly observed in PMN-xPT and Pb(Zn1/3Nb2/3)1−xTixO3 (PZN-xPT)

in Refs. [113–116]. This structure can be explained as orientational domains of a single

phase (monoclinic) as well as the regions of two different phases. The investigations

explained above, prove that here we deal indeed with a macroscopic heterophase lamel-

lar structure. Detailed analysis of Raman investigations obtained from dark and light

regions show that they most likely correspond to tetragonal and rhombohedral phases,

respectively. Here we should refer to previously observed or theoretically predicted two-

phase structures that can be compared with our observations. The nanoscale lamellar

heterophase patterns were detected in epitaxially strained BiFeO3 films [117–120]. Simi-

lar nanoscale structure was predicted even for PMN-xPT (Ref. [121]), and the orientation

of the predicted boundaries between the lamellas of rhombohedral and tetragonal phase

is close to the {110} crystallographic planes. This is actually well compatible with the
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Figure 5.11: Temperature dependence of HV Raman scattering spectra measured in a
PMN-0.32PT single crystal on cooling.

present macroscopic optical observations (and our calculations based on strain parameters

(see Appendix C) taken from Ref. [51]). The same architecture of heterophase laminates

can be probably encountered in single crystals of PZN-xPT shown in Fig. 7 of Ref. [113].

There is also a nicely developed system of stripes of the tetragonal-like phase, interca-

lated within the rhombohedral phase. According to the indicated extinction condition,

it seems that the investigated PZN-xPT sample was viewed along a [001]pc direction

there. This would mean that interphase boundaries are also oriented at about 45◦ with

respect to the [001]pc direction. In the report [107] authors discovered in PMN-0.33PT

single crystals a presence of randomly shaped ”G-microregions” and ”R-microregions”

with angular dependences similar to these obtained from dark and light stripes but with

irregular shape and smaller size (about few µm). Note, that in [107] PMN-0.33PT sam-

ple was studied ”as-grown”, thus the structure can be related to some frozen defects or

concentration fluctuations, whereas the structure described in this section was obtained

only after poling the sample with slightly different concentration.

In conclusion it should be mentioned that the procedure of a slow zero-field heating

of previously field-cooled PMN-PT samples is found to be suitable for stabilization of

structure with interfaces between alternating tetragonal and rhombohedral-like (possibly

monoclinic) regions in PMN-0.32PT single crystals. The formation of such interfaces

occurs at a temperature slightly below TRT but is possible even at room temperatures.

The stripes of different phases are 10-100µm thick and can be easily observed in an op-

tical microscope. Spatially resolved polarized Raman scattering measurements confirmed
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Figure 5.12: Temperature dependence of HV Raman scattering spectra measured in a
PMN-0.32PT single crystal on heating. Left-hand panel shows the measurements of the
sample previously annealed at high temperatures (around 500 K). The phase transition
from rhombohedral-like phase to tetragonal like phase is clearly indicated by intensity
drop of 570 and 720 cm−1 bands, while phase transition to paraelectric cubic phase can
be detected by overall drop of scattering intensity. Right-hand panel shows the case when
sample previously was poled to 4R state. Even at high temperatures (corresponding to
cubic phase) Raman spectra of the sample show ”rhombohedral” behavior. The sample
was driven to cubic phase after applying of a small electric field (3 kV/cm).

that the stripe pattern observed corresponds to coexistence of the phases attached to

the opposite sides of the morphotrophic phase boundary. These results demonstrate that

MPB materials have a potential to sustain interfaces different from ”normal” ferroelectric

domain walls separating different domains of the same ferroelectric phase.

5.2 Electric-field-induced tetragonal phase in

Pb(Mg1/3Nb2/3)O3-0.32PbTiO3 by Raman scat-

tering

The next step in the research on PMN-0.32PT was the measurement of polarized Raman

scattering in the field-induced tetragonal phase. These results were published in refer-

ence [122] but they will be presented in this chapter in more details. As mentioned before,

at room temperature PMN-0.32PT single crystal has a rhombohedral (or nearly rhombo-

hedral) phase with local polarization oriented along [111]pc direction [123]. If the crystal

is poled along [100]pc direction it attains a multi-domain state but with only 4 preferred

orientations of spontaneous polarization (4R state). The phase transition to tetragonal
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Figure 5.13: Raman spectra of [Pb(Mg1/3Nb2/3)O3]0.68-[PbTiO3]0.32 single crystal slightly
below the zero-field TRT temperature, under applied electric fields with different value.
Left and right figures show measurements with incident light polarizations parallel or
crossed with respect to polarization of scattered light oriented along [100]pc, respectively.

phase (or nearly tetragonal) can be stimulated at temperatures lower than TRT by electric

field, applied along [100]pc direction. The applied electric field should be high enough

to pole the crystal in a single-domain tetragonal phase state because it should overcome

the energy barrier between the rhombohedral and tetragonal phases. It is clear that the

value of electric field needed to switch the state, depends on the difference between TRT

and actual temperature of the sample. The phase of PMN-0.32PT single crystal obtained

in this way is described below. Anisotropy of the polarized Raman scattering spectra of

tetragonal-like phase measured in dark stripes of previously mentioned lamellar structure

is identical to that obtained from the electric-field induced tetragonal phase.

The sample used to study the induced phase transition was a 6×6 mm wide and 100µm

thick platelet with main facets perpendicular to the <100>pc directions. Two bigger

facets were covered by evaporated golden electrodes allowing application of electric field

along [100] direction (see Fig. 5.1). (The sample was similarly oriented and had the same

dimensions as that measured to analyze the lamellar structure with only a difference in

thickness. In order to reach high values of electric field the sample was chosen to be 100µm

thick.) The sample was placed into Linkam TS 1200 cell for temperature control. Due

to a large distance between heating element and upper surface of the sample (6 mm), the

actual sample temperature at the measuring point may differ from that set and stabilized

by temperature controller.

After several trials, the possibility of reversible switch between rhombohedral and

tetragonal phases by a reasonably high electric field (limited by 30 kV/cm) was reached
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Figure 5.14: Electric-field dependence of the I780/I270 and I570/I510 ratios for the parallel-
and crossed-polarized Raman scattering intensities (full and dashed lines, respectively),
as determined from the data shown in Figure 5.13.

at a temperature of 383 K. Here it is supposed that the actual temperature of measured

sample surface was lower by several tens of degrees than the heater temperature and

was slightly below TRT. After finding the optimal experiment conditions, the sample

was heated from room temperature at a rate of 5 K/min to desired temperature below

TRT (383 K on the temperature controller display). The electric field was increased at

a rate of 10V/min and each 5 kV/cm Raman scattering measurements were performed

in two standard polarization configurations z̄(xx)z and z̄(yx)z. The spectra shown in

Figure 5.13 of HV and VV measurements were practically identical to those without

electric field. While increasing the field, the intensity of high frequency bands increases

in the case of z̄(xx)z (VV) geometry but decreases for z̄(yx)z (HV) geometry. For

electric field values higher than 25 kV/cm the changes in the spectra are negligible and

the phase transition seems to be completed. The most marked change is the shape of

550 cm−1 band in Raman scattering spectra measured in HV geometry. While studying

the lamellar structure of the same PMN-0.32PT the ratios I570/I510 and I780/I270 were

found to be useful for understanding the symmetry of current state. Dependences of this

ratios in the case of field-induced phase transition measured in VV and HV geometry

are shown in Figure 5.14. As expected, the values of these ratios reached at 25 kV/cm

were quite similar to those of the peculiar stripes observed even at ambient conditions,

and described in previously as metastable tetragonal phase areas. The angular dispersion

of Raman spectra in field-induced tetragonal state was also measured. To perform such

kind of measurements, a Linkam cell with the sample inside was placed on rotation
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Figure 5.15: Angular dependence of the I570/I510 intensity ratio for the parallel-polarized
Raman scattering intensities: (a) data taken in the 100 mm thick sample at 383 K under
30 kV/cm applied electric field (1T state); (b) data taken subsequently in the same sample
at ambient conditions (1R state); (c) data taken in a single-domain ([111]pc-poled) sample
at ambient conditions (1R state); (d) data taken in a multidomain, frustratively poled
sample ([100]pc-poled 4R state). The vertical green dashed line indicates the interval of
the I570/I510 intensity ratio values, spanned also in the topmost data of Figure 5.14. Data
shown in panels (c) and (d) are those of Figure 5.10.

microscope table. During measurements of angular dependences, the table was rotated

manually from 0◦ to 180◦ with 5-degree step between measuring positions. Zero-angle

position means that polarization of incident light is oriented along [010]pc direction. In

this case the ratios shown in Figure 5.14 are measured for 90-degree position. The angular

dependence of I570/I510 ratio measured in VV geometry at 383 K with applied electric

field of 30 kV/cm is shown in Figure 5.15(a). This angular dependence has similar shape

to that measured in light stripes of the lamellar structure (see Fig. 5.10(d)). In the

case of field-induced phase transition the direction of spontaneous polarization is defined

(along [100]pc poling direction), and can be recognized by angular dispersion of Raman

scattering spectra as the direction of higher maximum of I570/I510 ratio in tetragonal

phase. As explained before, in the case of rhombohedral phase, the ratio I570/I510 has

smaller maximum when polarization of the incident light is oriented along the projection

of spontaneous polarization on the viewing plane.
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Figure 5.16: Similar angular dependence as in Figure 5.15, but for the I780/I270 intensity
ratio.

The angular dependence of I570/I510 ratio, measured after removing the electric field

and driving the sample to ambient temperature, is shown in Figure 5.15(b); it is same

(but shifted by 90 degrees) as that obtained for [111]pc poled sample (see Fig. 5.15(c)).

This implies that the direction of spontaneous polarization in such rhombohedral state

is oriented along [11̄1]pc or [11̄1̄]pc direction. Instead of multidomain structure with

spontaneous polarization of different domains oriented in four equivalent directions, the

sample seems to have large rhombohedral domains. Note that in these materials, the

rhombohedral-like phase has actually a very complicated micro- and nanoscale domain

texture and sometimes is expected to have monoclinic macroscopic symmetry [106,124].

Figure 5.15(d) shows the same ratio measured in most common used in applications 4R

multidomain sample poled in [100]pc direction. Similar angular dependence as in Figure

4, but for the I780/I270 intensity ratio, is shown in Figure 5.16.

In conclusion it is worth mentioning that angular dependence of polarized Raman

scattering spectra measured in field-induced tetragonal phase confirms the two-phase

scenario of lamellar structure obtained before in the same material. The parallel-polarized

intensity ratio I570/I510 is maximized when polarizers are oriented along the spontaneous

polarization in tetragonal phase. In the case of rhombohedral-like phase the direction

of polarizers along the spontaneous polarization is characterized by smaller maximum of

this ratio.
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5.3 Tetragonal domains in 0.62Pb(Fe1/2Nb1/2)O3-

0.38PbTiO3 single crystal

Since the analysis of the PMN-PT single crystals in the previous chapters indicated that

the Raman signal is largely due to the structural distortions of the parent cubic perovskite

phase, one may ask about the proper assignment of the individual Raman bands. This

issue has been often discussed and debated in the literature [45]. Therefore, in order to

gain more insights in the origin of the observed Raman modes we have investigated in

more detail a crystal of PFN-PT which has been provided to us by prof. Haosu Luo

from Shanghai Institute of Ceramics. This sample has a concentration corresponding to

tetragonal side of the morphotrophic phase boundary and, in principle, its Raman spectra

were expected to be much more similar to those of the well-understood ferroelectric

PbTiO3. Principal results of this chapter were also published in reference [125].

The pure lead iron niobate Pb(Fe1/2Nb1/2)O3 (PFN) is a rhombohedral-like relaxor fer-

roelectric antiferromagnet material whose basic properties were discussed in Section 3.4.

In contrast, the composition of the investigated sample PFN-38PT is well inside the

PbTiO3-like tetragonal phase. Due to the high tetragonal spontaneous strain (1.02-1.03

at room temperature [83]) detected in this material, the presence of ferroelectric domains

was expected. The room temperature investigations indeed revealed the presence of clear

ferroelastic domains, typical for tetragonal ferroelectrics with m3m to 4mm symmetry re-

duction (see Figure 5.18). The domains were wide enough to study their Raman signature

separately and allow discussing the Raman band assignment.

Raman scattering measurements were performed using a Renishaw microscope spec-

trometer (allowing the possibility of optical observations of the measured surface) in a

standard back-scattering geometry using 514 nm laser excitation line. The measured sam-

ple was a high-quality PFN-38PT single crystal in the form of a cube with 7 mm long

edges parallel to <100>pc pseudocubic directions with faces polished to optical quality.

Temperature dependence of Raman scattering spectra indicated a phase transition at a

temperature of about 530 K (see Fig. 5.17). The sharp intensity drop on the phase tran-

sition indicates ferroelectric behavior of PFN-38PT single crystal. Nevertheless, despite

high concentration of PT, Raman spectra do not fully disappear after phase transition

to paraelectric phase.

The multidomain structure was well observable under polarized light in the reflection

mode. A system of about hundred-micrometer thick stripes oriented along edges of the

sample with darker and lighter contrast was observed from the few polished faces (see
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Figure 5.17: The temperature dependence of Raman scattering spectra measured in PFN
single crystal in VV geometry.

Fig. 5.18(a)). According to domain compatibility rules [104] these 90-degree domains of

tetragonal phase should correspond to alternating domains with spontaneous polarization

(tetragonal axis) lying in viewing plane and perpendicular to it, respectively. In addition,

the planes separating two neighbor domains should cross the adjacent face (perpendicular

to the observed stripes) at an angle of 45 degrees with respect to the common edge of the

sample (see Fig. 5.18(b)). Unfortunately, the stripes were not visualized in adjacent edge

probably because both domain states have the tetragonal axis contained in the plane of

observation. Nevertheless, the analysis of Raman spectra of the two neighboring domains

from the two adjacent edges confirmed the domain orientation shown in Figure 5.18(b).

The PFN-38PT crystal at room temperature has the same P4mm space symmetry

group as pure PT (when B-site atom of PFN-38PT is taken as averaged). Therefore

the spectra of PFN-38PT should have the same number and the same types of Raman-

active modes as PbTiO3: 4E, 3A1 and B1 (see Chapter 2.3). Moreover, 3E and 3A1

modes are polar (IR-active) and thus they are split into longitudinal optic (LO) modes

and transverse optic (TO) modes.

In fact, the orientation of tetragonal axis in a selected domain was determined by

polarized Raman spectra analysis. Raman spectra were measured in four reference points

marked in Figure 5.18(b). Points A and C correspond to the same domain, similarly as

the points B and D of neighboring domain. Each domain state can be accessed from the
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Figure 5.18: (a) PFN-38PT crystal face under the optical microscope. The interfaces
perpendicular to the sample edge are identified as ferroelastic domain walls. The image
displayed in the figure represents an area of about 2.8×2 mm. (b) Schematic picture of
the sample with supposed domain orientation. Four different areas investigated in detail
are marked with A, B, C and D.

two perpendicular directions.

The VV spectra measured from point A were identical when polarization of incident

(also scattered) light was oriented along [100]pc and [010]pc pseudocubic directions. The

spectra measured from points B, C and D can be separated into two types: one type

obtained from the point B with polarization along [100]pc direction, from the point C

with polarization along [001]pc direction and from the point D with polarization along

[100]pc direction. The other type was measured in these points when polarization of the

incident light was rotated by 90 degree with respect to direction of the first spectrum type

measurement. The HV spectra measured from point A also differ from those obtained

in points B, C and D (the later being almost identical). Figure 5.19 shows the above

mentioned spectra with Porto notations referring to the tetragonal axes of measured do-

main states. These are denoted as z(xy)z, x(zy)x, z(yy)z, x(yy)x and x(zz)x, where z

stands for direction parallel with the local tetragonal axis, while x and y are symmetri-

cally equivalent pseudocubic directions perpendicular to the local tetragonal axis. The

orientation of domain interface in (010)pc face (where it was not observed optically) was

also confirmed by several Raman line scans showing step-like change of Raman spectra

while crossing the plane separating two neighbor domains.

The phonon frequencies of perovskite ferroelectric materials are known to be below

1000 cm−1. Thus, the bands near 1150 and 1400 cm−1 correspond to second-order Raman

scattering processes, and these modes were not further considered here. The first-order

Raman modes expected in the above defined scattering geometries are determined from

Raman tensors of Table 2.5 and summarized in the Table 5.1. According to non-zero
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Figure 5.19: Raman spectra of PFN-38PT single crystal in different scattering geome-
tries, indicated in the insets: (a) backscattering geometry with parallel polarization, (b)
backscattering geometry with crossed polarizers. The scattering geometry is defined by
the usual Porto notation with respect to local tetragonal axes, as explained in the text.
In addition, distinct points on the sample surface, from which the Raman scattering in-
tensity was collected, are identified by letter symbols A, B, C and D, referring to Figure
1(b). The full scattering geometry description related to the spectra shown in the figure
is then followed by a bracket listing the other measured points at which the equivalent
spectra (not shown) were collected in our experiment.

elements of Raman tensors for tetragonal phase perovskites, A1 modes should be active

in x(yy)x and x(zz)x geometry spectra but not in z(xy)z, x(zy)x or z(xx)z ones. On

the contrary, E modes are active in Raman spectra measured in x(zy)x geometry but not

in ones with (xx), (xy) or (zz) polarizations. However, the selection rules are not fully

respected. The example is the ”leakage” of modes in z(xy)z geometry spectrum, where no

Raman modes according to selection rules for P4mm phase are expected. Therefore, in

our case the assignment is based also on similarity of spectral shapes, band frequencies and

band intensities with those of PZN-xPT or PMN-xPT (see Fig. 3.6). The comparison with

PMN-xPT or PZN-xPT can help to assign the rest of Raman active modes. The mode

assignment done in [38, 126] for the mentioned materials was derived by investigation of

their Raman spectra in a wide Ti concentration ranges up to the case of pure PbTiO3.

The result of this comparison is that the bands near 720 and 780 cm−1 are related to E

and A1 components of the LO3 mode, the bands near 520 and 580 cm−1 are related to

E and A1 components of the TO3 mode. Likewise the band near 440 cm−1 is related to

the LO2 mode, the band near 270 cm−1 is related to E and B1 components originating

from the non-polar F2u zone center silent mode of the cubic parent phase. The bands
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backscattering geometry expected modes
z(xy)z -
x(zy)x E(TO)
z(yy)z A1(LO), B1

x(yy)x A1(TO), B1

x(zz)x A1(TO)

Table 5.1: Expected Raman-active modes in backscattering geometry for tetragonal 4mm
phase of PFN-38PT.

E(TO) E(LO) A1(TO) A1(LO) B1

PFN-PT
<50 - 80.0 - -
200.0 440.0 220.0 440.0 -
520.0 720.0 580.0 780.0 -
270.0 270.0 - - 270.0

PMN-PT
50.0 135.0 - 205.0 -
- 440.0 - - -
510.0 750.0 580.0 790.0 -
270.0 270.0 - - -

PT
87.5 128.0 148.5 194.0 -
218.5 440.5 359.5 465.0 -
505.0 687.0 647.0 795.0 -
289.0 289.0 - - 289.0

Table 5.2: Rough estimates of frequencies (in cm−1) of Raman active modes of PFN-
38PT single crystal (top, this work), PMN-PT single crystal (middle, this work) and PT
(bottom, reference [127]).

near 200 and 220 cm−1 are related to E and A1 components of the TO2 mode, the band

near 80 cm−1 is possibly related to the A1 component of the TO1 mode, and the strong,

lowest frequency band is the E component of the TO1 mode, i.e. the transverse optic

component of the ferroelectric soft mode (all assignments mentioned above are listed in

table 5.2 ). Then, the comparison of the modes of PFN-PT, PMN-PT and PTO can be

appreciated from Table 5.2.

In summary, the present investigations revealed that polarized Raman spectra recor-

ded within a single ferroelastic domain of tetragonal PFN-xPT crystals show significant

crystalline anisotropy. This anisotropy can be at least partly understood in terms of the

selection rules for the first-order Raman scattering in the PbTiO3-like P4mm ferroelectric
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phase. We believe that these results could be useful for assignment and understanding

of both PMN-PT and PFN-xPT solid solutions as well as of other related relaxor ferro-

electrics.

5.4 Raman depolarization factor in PbSc1/2Nb1/2O3

crystal and thin film

Another material attracting the interest as a model system of relaxor ferroelectric is

PbSc1/2Nb1/2O3 (PSN). It has been studied by various techniques [128–135] including

Raman spectroscopy [136–144]. Its properties are usually compared with similar com-

pound PbSc1/2Ta1/2O3 (PST). As mentioned in Section 3.1, proper thermal treatment

can modify occupational order of B-site and, as a consequence, modify the structure

and properties of these two homologue materials [18, 19, 136, 137, 145]. Such treatment

(increasing of B-site ordering) is found to suppress the relaxor properties. On the other

hand, relaxor properties were found to be enhanced in PSN when prepared in the form of

epitaxial films [146, 147]. Such structural changes, leading to varying degrees of relaxor

behavior, are also reflected in Raman spectra, but it is not easy to distinguish whether

Raman spectral changes reflect directly the modified B-site order or rather the struc-

tural changes involving ionic displacements. Since PSN was found to be more inert with

respect to the thermal treatment in comparison with PST [145, 148], the difference of

Raman spectra of PSN single crystal with respect to those of PSN films are expected to

be due to different ionic displacements. This chapter describes our comparative polarized

Raman analysis of PSN single crystal and thin film. These results are partly published

in reference [111].

The single crystal samples investigated were grown from a high temperature solu-

tion according to the method described in Refs [149, 150]. The sharp phase transi-

tion at temperature of 380 K was determined by dielectric measurements upon cooling

(see Fig. 5.20), and corresponds to reported phase transition temperature of disordered

PSN [130–133,148,151,152]. On the other hand, Raman spectra didn’t show evident tem-

perature dependence and any radical change on phase transition to paraelectric phase (see

Fig. 5.21).

Cube-on-cube-type epitaxial PSN films were grown by pulsed laser deposition at

700 ◦C using (001) MgO substrates. Such films experience in-plane compressive strain

originating from the mismatch of the thermal expansion coefficients of PSN and MgO
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Figure 5.20: Real part of dielectric function, measured on PSN single crystal at different
frequencies upon cooling. Phase transition to ferroelectric phase takes place at tempera-
ture of 380 K. Courtesy of M. Savinov from the Institute of Physics of the Czech Academy
of Sciences.

[146, 153]. Laboratory X-ray analysis confirmed metrically tetragonal distortion of the

elementary unit cell with (c/a− 1) ≈ 0.005.

Raman spectra were measured using the same setup as all previously described mea-

surements. The Raman spectra measured on PSN single crystal as well as on PSN thin

film for both HV and VV geometries are plotted together for better evidence. Right

panel of Figure 5.22 corresponds to experimental geometry when polarization of incident

light is oriented along one of pseudocubic directions, while left panel displays the spectra

measured after rotation of the sample by 45 degrees. The most noticeable difference in

the Raman scattering spectra measured with the same z(xy)z geometry on single crystal

and thin film PSN samples is a band near 810 cm−1 which is almost absent in the case

of PSN thin film. This mode is rather well known and it is generally admitted that it

corresponds to oxygen octahedra breathing mode, activated by Brillouin zone folding due

to the checkerboard (rocksalt)-type short-range B-site occupational order. Interestingly,

it was noticed [136,137] that cross-polarized Raman intensity of 810 cm−1 mode detected

with the incident and scattered polarization direction oriented along the pseudocubic

axes systematically scales with the degree of the rhombohedral ferroelectric order in the

complex perovskite compounds. In the case when the sample is rotated by 45 degrees

(see right panel of Figure 5.22) the HV Raman intensity of the 810 cm−1 band is actually
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Figure 5.21: The temperature dependence of Raman scattering spectra measured in PSN
single crystal in HV (left panel) and VV (right panel) measuring geometries. The spectra
are vertically offset for clarity.

weak for both the crystal and the film. On the other hand, the VV spectra do not change

much after the 45-degree rotation, neither for the film, nor for the crystal.

In order to obtain more information, the angular dispersion of Raman spectra was

measured. The sample (PSN single crystal or thin film) was rotated about the laser

incident beam (oriented along one of pseudocubic direction perpendicular to the viewing

plane) and after each 5 degrees rotation the Raman spectrum was recorded. Figure 5.23(c)

and (d) show that in the case of single crystal the intensity of 810 cm−1 band displayed

marked intensity modulation for both HV and VV measuring geometries. PSN thin film,

on the other hand, shows relaxor behaviour – there is no systematic angular dependence

of 810 cm−1 maximum at all for both measuring geometries (see Fig. 5.23(a),(b)). How-

ever, the lower frequency bands show clear angular dependence for both forms of PSN.

Moreover, all recorded angular dependences show a fourfold rotational symmetry, con-

firming a macroscopic pseudocubic symmetry expected in PSN epitaxial film and the

single crystal.

Previous studies indicate that as a convenient quantitative measure of the cross-

polarized Raman intensity IHV of the 810 cm−1 phonon band, one can take the normal-
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Figure 5.22: Polarized Raman scattering spectra of PSN thin films and single crystals
in a backscattering geometry in parallel (VV) and crossed (HV) polarization configura-
tions. Left panel corresponds to measuring geometry when the polarization direction of
the incident beam and that of the analyzer were oriented along the cubic axes of the
average pseudocubic structure. Right panel shows the spectra when sample is rotated
by 45 degrees around the direction of the incident laser beam. The spectra are vertically
offset for clarity.

ized cross-polarized intensity (depolarization ratio) η = IHV/(IHV +IVV) (where IVV is the

complementary scattering intensity in the parallel-polarized channel) [136]. This depolar-

ization ratio was found to be about 0.5 in the well-established rhombohedral ferroelectric

phase of the highly B-site ordered PST, while in the relaxor state the value of η is nearly

zero. Besides 810 cm−1 band Figure 5.24 also illustrates normalized cross-polarized inten-

sity of 250 and 50 cm−1 maxima. This figure reflects well the average fourfold symmetry

for both crystal and the film and demonstrates that this associated anisotropy is reduced

in thin film for the 810 cm−1 phonon band.

The results obtained complement the earlier Raman studies of PSN by providing

detailed mapping and comparison of the angular dependences of the polarized Raman

scattering intensity in both the PSN films and the single crystals. Based on these data,

we can conclude that the observed polarization anisotropy of the Raman scattering by the

810 cm−1 phonon band suggests relaxor behavior in epitaxially compressed pseudocubic

PSN films, while the bulk single crystals of the same material at ambient conditions

show signatures of a well developed rhombohedral ferroelectric phase. For better clarity

it should be noted that the relaxor-like dielectric properties of the very similar PSN
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Figure 5.23: Intensity map showing the dependence of Raman spectra of the PSN samples
on the angle between the transmission direction of the analyzer and one of the in-plane
pseudocubic axes of the crystal. (a) Map of PSN epitaxial thin film measured in parallel
configuration. (b) Same as (a) but incident beam polarization at 90◦ with respect to the
analyzer. (c) Map of PSN single crystal measured parallel configuration. (d) Same as (c)
but incident beam polarization at 90◦ with respect to the analyzer.

film were shown in Ref. [146] by X-ray diffraction, dielectric, polarization, and optical

studies. On the other hand, the temperature dependence of the dielectric constant of the

single crystal studied in this work, which shows a sharp transition near about 380K upon

cooling, indicates a normal ferroelectric phase of PSN in a single crystal form.

The most likely explanation of different behavior of two forms of investigated material

could be a difference of B-site order degree or tightness of stoichiometry control [130].

Nevertheless it has been shown that the difference in the thermal expansion between the

film and the substrate imposes the tetragonal distortion of the PSN unit cell [146], and

that increasing tetragonal distortion is associated with a gradual enhancement of the

relaxor character of the dielectric permittivity [154,155].

Also the attention should be paid to the contradiction of strain suppression of fer-

roelectricity in PSN with the compressive strain induced enhancement of ferroelectric
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Figure 5.24: Raman scattering depolarization factor as a function of the angle defined in
Fig. 5.23. The values of η are evaluated for three characteristic spectral bands.

phase temperature range in other perovskite materials [156–160]. On the other hand, the

enhancement of ferroelectricity is usually related to tetragonal substrate straining of origi-

nally tetragonal ferroelectric phase. The less studied is the case when the electrostriction-

favored polarization directions do not coincide with any direction of spontaneous polar-

ization (the case of originally tetragonal thin film on substrate with rhombohedral [111]

straining or vice versa).

In fact, the relaxor nature of the PSN thin films can be explained by some more subtle

structural aspects, including stoichiometry or dislocation density. Let us emphasize that

the relaxor state actually does not imply absence of local polarization, it can rather be

viewed as a consequence of fragmentation of the ferroelectric domains into nanodomains

or nanoscale range polar regions, or, equivalently, as a state with unusually high density of

polar interfaces or domain walls [161]. This higher density of polar interfaces or domain

walls could be favored e.g., by the presence of misfit dislocations. However, detailed

mechanisms responsible for the observed trends and differences between the properties of

epitaxial films and single crystals have not been fully understood to date.

Interestingly, the results obtained in the present work show higher values of the

depolarization ratio than the values reported in the previous single crystal studies of

PSN [136, 137]. For example, earlier studies [136] suggested that other stoichiometric

PSN single crystals grown from high-temperature solution show η values of only about 0.1

(at ambient conditions). This suggests that the relaxor nature of PSN is sensitive to the
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growth method and/or to a small amount of impurities, which has been little documented

so far [130]. Obviously, the degree of the B-site order may also play a role, although there

are good reasons to believe that the effects are smaller than in PST [145,162]. Moreover,

the dielectric and Raman signatures of the relaxor behavior of the PSN epitaxial films

suggest that ferroelectricity could be possibly suppressed by strain.

In conclusion, it is evident that this study has shown a difference in polarized Raman

scattering spectra of PSN single crystal and epitaxial thin film. This difference can be

clearly visualized by plot of normalized cross-polarized intensity of 810 cm−1 band for this

two forms of the same material. Thus the epitaxial films of PSN show relaxor behavior,

while single crystal form of PSN is found to be in a form of well-developed ferroelectric

phase.

5.5 Nanodomains in PbTiO3 thin film on DyScO3

substrate

Compared to the bulk form, perovskite thin films may show different properties due

to stresses induced by lattice parameter mismatch between bulk form of the deposited

material and the substrate. Thus thin film forms of known ferroelectric materials are

attracting a lot of interest. Here we deal with a thin film of PbTiO3, grown by PLD in

the Institute of Physics of the Czech Academy of Sciences in the group Dr. M. Tyunina

for the purpose of the domain structure studies in our Department. This 400 nm film

grown on the DyScO3 substrate had a fine domain structure with about 50 nm sized

ferroelectric and ferroelastic domains. Therefore, the individual domains could not be

imaged by usual optical microscopy, and Raman scattering spectra were expected to

show an averaged information over differently oriented domains states or even a relaxor-

like effective Raman spectrum, because the ferroelectric nanoscale domains should be

conceptually similar to the famous PNR’s of relaxor materials.

However, in case of Raman scattering investigations, thin films usually are more dif-

ficult objects to study. Micro-Raman spectrometers are able to measure the signal from

scattering volumes down to a thickness of ≈ 1µm, meaning that thin films with thickness

lower than this value will show a decreased scattering signal. Other complications come

from the substrate – the materials with rich and intensive Raman scattering are usu-

ally used for this purpose [163]. In this situation the procedure of principal component

analysis can help to obtain desired results.
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Figure 5.25: Micro-Raman measurements of PTO thin film on DSO substrate processed
by PCA procedure. Measurements were performed in HV geometry with polarization
direction at 0 degrees to sample edges and to the pseudocubic crystallographic axes of
the thin film as well.

Results of Raman scattering measurements of PbTiO3 400 nm thin films deposited

on DyScO3 substrate were processed using PCA method explained in Section 2.4. For

each geometry a depth scan was performed with a resolution of 1µm in the range from

position 5µm above the film surface to 5µm below (10 spectra for each geometry). Re-

sults of processing have shown that only the first two components have a physical sense.

Loadings of first principle component have a sigmoidal character describing the Raman

scattering from substrate increasing while laser spot coming into a sample (see spectra

in Fig. 5.25-5.28). The loadings of the second principal component show a clear maxi-

mum for positions near the sample surface, given a reason to expect the scores of second

component to be mainly the spectrum of the PTO thin film.

A detailed Raman study of PTO single crystal was done by Foster et.al. [127]. For

HV geometry with incident light polarization parallel to one of crystallographic axis,

four maxima are clearly seen in the second PCA component (score 2, see Fig. 5.25).
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Figure 5.26: Micro-Raman measurements of PTO thin film on DSO substrate processed
by PCA procedure. Measurements were performed in VV geometry with polarization
direction of 0 degree to sample edges and to the pseudocubic crystallographic axes of the
thin film as well.

According to results published for PTO single crystals [164], these modes are three E(TO)

(E1(TO) at 81.5 cm−1, E2(TO) at 207.5 cm−1 and E3(TO) at 502 cm−1) modes, which are

Raman-active only in a-domains, and E component of silent mode at 285 cm−1. In

spectrum, measured in VV geometry (see Fig. 5.26), A1(TO) modes can be recognized at

148.3 cm−1 and 341.6 cm−1 as well as leakage of E(1LO) and E(1LO) modes at 86 cm−1

and 109.5 cm−1 respectively. In the spectra, measured in crossed polarization geometry

(HV) when the polarization of incident light is at 45 degrees to two axes (third axis is still

along the direction of incident beam) only B1 mode is seen (Fig. 5.27). If in such geometry

the polarization of analyzed scattered beam is the same as that of incident beam (VV

geometry), E(TO) modes are Raman-active and are clearly seen as well as B1 mode (see

Fig. 5.28). Among Raman-active A1(TO) modes only A1(2TO) can be recognized.

Raman tensors of the expected modes are resumed in Table 2.5. Table 5.3 presents the

conditions for observation of Raman-active modes depending on the measuring geometry.
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Figure 5.27: Micro-Raman measurements of PTO thin film on DSO substrate processed
by PCA procedure. Measurements were performed in HV geometry with polarization
direction of 45 degree to sample edges and to the pseudocubic crystallographic axes of
the thin film as well.

It is impossible to define clearly the orientation of tetragonal domains in the measured film

from the obtained results, but the measured spectra should come mainly from a-domains.

Observation of A1(LO) modes coming from c-domains was complicated because of low

intensity of A1(1LO) mode [165] and possible suppression of A1(2LO) mode because of

strong Raman peak of DyScO3 substrate near 455 cm−1. Anyway, the depolarization

effects in thin films and on domain boundaries make it impossible to defining the ratio

of c-/a-domains; instead, XRD is used for this purpose [165]. Data in Fig. 5.26 can be

directly compared with Figs 3 and 4 of Borodavka et.al. [166]. The comparison clearly

indicates that the spectra resemble those of PTO film on TbScO3, which has so-called

”swedish ladder” domain structure with mostly a1-a2 domains. Due to the quasimodes

(oblique modes) presence in Raman spectra of PTO, only E(TO) modes are used for

defining the stress values in thin films.

Principal component analysis helps to separate the film and substrate part of the
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backscattering geometry a-domains c-domains
VV A1(TO), B1 A1(LO), B1

HV E(TO) -
45 deg. VV A1(TO), E(TO), B1 A1(LO)
45 deg. HV B1 B1

Table 5.3: Expected Raman-active modes in backscattering geometry.

spectra but still has a few disadvantages. The most intensive modes from the substrate

are seen as negative peaks in thin film component.

In summary, the Raman spectra and their PCA analysis confirmed the multidomain

nature of the film but due to the persisting difficulties with accurate separation of the

substrate signal, no further detailed quantitative analysis of the results (mode frequency

shifts and lineshape distortions) was attempted.

5.6 PMN-PT thin films on SrTiO3 substrates

The remarkable difference between the polarized Raman signature of the PSN single

crystal and that of the PSN thin film may obviously raise curiosity about the behavior of

thin films of PMN-PT. Interestingly, while there is a very large amount of investigations

of PMN-PT single crystals, almost no reports on the PMN-PT films studied by Raman

scattering are available [167] We have been lucky to collaborate with U. Gabor, M.

Spreitzer and D. Suvorov from the Jozef Stefan Institute in Ljubljana. They have been

involved in optimization of the growth of the epitaxial PMN-PT films by PLD technique

using SrTiO3 substrates with various bottom electrodes and provided a serie of samples

for characterization in our Institute. These samples, differing in various parameters of the

growth conditions, were also analyzed by Raman scattering within the framework of this

thesis. Since the results of the ongoing work of U. Gabor et al. has not been published yet,

the details of the sample growth conditions are not described here, and the samples are

identified only by their their laboratory-notebook numbers. The investigated PMN-40PT

films were either 700 nm thick (samples 102a, 103a, 104, 105) or 300 nm (samples 98b, 99b,

68, 72) thick evaporated on STO (SrTiO3) substrate. Before films deposition the substrate

was covered by intermediate 100 nm conductive layer made from LaNiO3 (samples 102a,

103a, 98b, 99b) or SrRuO3 (samples 104, 105, 68, 72). This intermediate layer can be used

as bottom electrode and suppresses the Raman scattering signal from the substrate. The

Raman scattering spectra of the thin film samples as well as pure substrate are shown on

Figure 5.29. Figure 5.30 demonstrates the Raman scattering spectra dependences on the
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Figure 5.28: Micro-Raman measurements of PTO thin film on DSO substrate processed
by PCA procedure. Measurements were performed in VV geometry with polarization
direction of 45 degree to sample edges and to the pseudocubic crystallographic axes of
the thin film as well.

angle between incident light polarization and pseudocubic axis of the thin film (sample

103a) with the most intensive signal. The polarization of scattered light is the same as

that of incident light (VV geometry).

Both the film composition and its diffraction data suggest that this PMN-40PT film

is at room temperature in the tetragonal phase. At the same time, the characteristic

features like the vanishing intensity of the 800 cm−1 mode in the angular dependence of

the HV polarized spectra strongly remind the results obtained in the previous study of

PSN thin film. This may imply that also the PSN film reported earlier has been actually

prepared in an epitaxially stabilized tetragonal phase.
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Figure 5.29: Raman spectra of various PMN-40PT thin films grown on STO substrate
measured in VV backscattering geometry (polarizations of incident and scattered light
have the same direction). Figure (a) shows the spectra of the samples with thin conductive
SRO layer deposited between thin film and the substrate. In the case of figure (b) the
conductive layer is a deposited LNO.

5.7 Optimized relaxor single crystal

24Pb(In1/2Nb1/2)O3-46Pb(Mg1/3Nb2/3)O3-

30PbTiO3

Contemporary technological applications of piezoelectric single crystals impose new re-

quirements on new materials with improved figures of merit. One of the challenging

issues is the enhancement of the depoling temperature TRT by optimization of the chem-

ical compositions withing the same or closely related family of compounds. The relaxor-

based ternary solution (1− x− y)Pb(In1/2Nb1/2)O3-yPb(Mg1/3Nb2/3)O3-xPbTiO3 is one

of the materials supposed to have similar piezoelectric properties as (1 − x)PMN-xPT,

but higher TRT values enlarge its application possibilities [61, 168]. Temperature depen-

dences of polarized Raman spectra were reported for several compositions of PIN-PMN-

PT characterizing phase transitions for given component ratios [72, 152]. In the case of

0.24PIN–0.43PMN–0.33PT phase transitions from monoclinic to tetragonal phase and

from tetragonal to cubic phase were detected at 85 ◦C and 200 ◦C respectively. In this

section, investigations of a single crystal of different composition, 24Pb(In1/2Nb1/2)O3-

46Pb(Mg1/3Nb2/3)O3-30PbTiO3, are described. This sample has been kindly provided to

us by Prof. N. Yasuda from Gifu University in Japan [169].
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Figure 5.30: Intensity map showing the dependence of Raman spectra of the PMN-40PT
thin film on the angle between the transmission direction of the analyzer and one of
the in-plane pseudocubic axes. (a) Map of PMN-40PT epitaxial thin film (sample 103a)
measured in parallel configuration. (b) Same as (a) but incident beam polarization at
90◦ with respect to the analyzer.

The sample was 3× 8× 1 mm plate, cut perpendicular to <100>pc directions. Mea-

surements were performed from the largest face, previously polished to optical quality.

Raman spectra of PIN-PMN-PT single crystal has a few broad bands, typical of re-

laxor materials. Angular dependences of both HV and VV configurations were measured

(Fig. 5.31). The spectra can be compared with that obtained in PMN-0.32PT sample,

high frequency bands show maxima in HV spectra while incident light polarization is

oriented along one of pseudocubic directions, suggesting tetragonal-like symmetry phase

of the specimen. The series of Raman spectra on heating and cooling were done in tem-

perature ranges from 25 to 250 ◦C to determine where the phase transitions take place.

In ref. [72] authors used the ratio of the 270 cm−1 band to 780 cm−1 band in HV geome-

try and detected two step-like changes of this ratio characterizing two phase transitions.

In our case the change of the mentioned ratio takes place only once at a temperature

of about 120 ◦C (see Fig. 5.32). These results suggest that, in this sample, the poling

procedure might stabilize the tetragonal-like phase even at ambient conditions.

The sample shows interesting behavior: if the sample is locally illuminated by laser

light on passing through the phase transition from high to low temperature phase, an

area with inhomogeneous stress appears in the sample. Fig. 5.33 shows the area of the

sample under microscope in crossed polarizations of incident and reflected light at room

temperature. The left figure shows initial state of the sample, the center one -the sam-

ple after being heated up to 180 ◦C and then cooled with the spot of 1µm illuminated

by 10 % of possible 20 mW laser radiation power. Then the sample was heated again
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to 180 ◦C and cooled down to the ambient temperature (the right figure). The same

result was obtained using 514 nm and 633 nm lasers. Similar pictures are known from

edge dislocations studies, which can be observed under polarized microscope because of

stress-induced birefringence. Fig. 5.34(a) shows a Raman map of the area containing the

photo-induced defect, measured in HV geometry with laser polarization parallel to one

of the pseudocubic axes. Also the angular dependence of the defect area at the ambient

temperature was measured (Fig. 5.35). The defect area shows the same symmetry but

band intensities are higher by 30 %. It is possible to create another defect and not to

erase the previous one by heating the sample to the temperature lower than that of the

phase transition and then cooling it with the area irradiated. The successful attempt is

shown in Fig. 5.34.
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Figure 5.31: Angular dependence of PIN-PMN-PT spectra at ambient temperature for
HV (a) and VV (b) measuring configuration.

In summary, the investigations reveal that this new family of relaxor materials op-

timized for a higher temperature operation shows also higher sensitivity to the optical

stimulation, which can be of importance either as an unwanted drawback or an interesting

ingredient for potentially new functionalities.

5.8 Summarizing discussion

At the current state of knowledge there is no easy way to interpret Raman spectra of

the lead-based relaxors quantitatively. In the previous chapters, the Raman spectra and

their polarization dependence were mostly considered as a characteristic fingerprint of the

studied structures. The comparison of accumulated experimental material nevertheless

allows a few more general conjunctions and reflections.
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Figure 5.32: IHV
270/IHV

780 ratio temperature dependence taken from Raman spectra of 24PIN-
46PMN-30PT. Change of value at about 110 ◦C corresponding to phase transition between
rhombohedral and tetragonal phase.

For example, the attention was often paid to the highest frequency Raman band

around 780 - 800 cm−1. The spectral shape of this band indicates that it is actually

composed of several subbands. This is a rather narrow band in the PSN single crystal

while it is clearly split in the compounds diluted with PbTiO3. The comparison shown

in Figure 5.36 suggests that the spectral broadening of this band may actually correlate

with the number of the distinct chemical species in the perovskite B-site position.

Figure 5.37 shows the comparison of the angular dependences of the polarized Raman

spectra of selected samples, studied in this thesis. It is worth noting how different is

the angular dependence of the highest frequency band in these chemically only slightly

different materials. Interestingly, this mode has a vanishing intensity in the PSN and

PMN-40PT epitaxial thin films, but also in PIN-PMN-PT single crystal.

In principle, the angular dependence of Raman spectra originates in the form of Ra-

man tensors of the corresponding Raman-active modes, as discussed in Section 2.2.3.

Unfortunately, the intensities measured in the experiment can provide only the squares

of the Raman tensor elements, associated with the well-defined Raman modes. Moreover,

in the ferroelectric materials the polarization analysis is further complicated by the pos-

sibility of superposition of Raman scattering from the different domains. Consequently,

the experimental determination of Raman tensors in relaxors is a very challenging task.

To characterize more systematically at least the most studied relaxor ferroelectric crystal

92



5.8 Summarizing discussion Results and discussion

Figure 5.33: Polarized microscope images of the same area of PIN-PMN-PT sample. The
left figure shows initial state of the sample, the center one - the sample after being heated
up to 180 ◦C then cooled with illuminated spot. The right figure shows the sample after
heating again to 180 ◦C and cooling down to the ambient temperature.

20mm 20mm

(a) (b) (c)

Figure 5.34: Image of light-induced defects in PIN-PMN-PT single crystal. (a) Raman
intensity of the 780 cm−1 band in the area around the defect, (b) optical micrograph of
another area with the induced defect (c) the same area after creation of a second defect
in the vicinity of the first one (see text).

PMN-PT, a carefully [001]-poled sample of PMN-32PT has been selected as a studied

material. Such sample is believed to be in the 4R state (rhombohedral phase with 4 fer-

roelectric domain states favored by poling in the [001]-oriented electric field). Resulting

material has a 4mm macroscopic symmetry. Consequently, one may wonder, whether

the angular dependence of the Raman scattering reflects this macroscopic symmetry or

rather the R3m local symmetry, assumed to be relevant for the nanoscale ferroelectric

domains or polar nanoregions. However, as explained below, it turns out that the rele-

vant symmetry is probably the microscopic one and the superposition of rhombohedral

nanodomains doesn’t matter at all.

For simplicity, we have again closely analyzed the polarization dependence of the

highest frequency band. The Cartesian axes of the polarization of the incident and
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Figure 5.35: Raman spectra angular dependences of PIN-PMN-PT sample measured
with crossed polarizers (HV). Figure (a) shows dependence in the area without defects,
(b) – in the area where the defect was generated (see Fig. 5.34(a)). Figures (c) and (d)
show selected Raman spectra at angles 0, 45, 90, 135 degrees taken from (a) and (b)
respectively.

scattered light were taken as parallel to the three pseudocubic axes of the crystal, with

the z axis being the axis of the electrical poling. The available sample has a form of the

(001) platelet with electrodes on the large facets and with polished (100) and (010) side

ones. The standard backscattering Raman microscope experiment probing the (100) side

of the sample gives access to the spectra with the x(yy)x, x(zz)x, x(xz)x and x(zx)x

geometry. The intensities of the mode at 780 cm−1 in the corresponding spectra can

be arranged in a matrix indexed by the incident and the scattered light polarization

directions:

In780 =

− − −
− 1.142 0.973

− 0.888 1.133

 . (5.1)

The macroscopic 4mm symmetry implies that the x and y directions are equivalent

so that the intensities in the similar measurements from the (010) facet can be inferred

from the symmetry, yielding the matrix:
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In780 =

1.142 − 0.973

− 1.142 0.973

0.888 0.888 1.133

 . (5.2)

In principle this matrix could be easily completed by the measurement from the (001)

side but this would require to remove the electrodes and to enter the sample volume by

the unique polar surface. However, this procedure may influence the poling texture of

the sample and spoil the comparison. Instead, in this case one can take the advantage

of the new optional equipment constructed for our spectrometer within the framework

of this thesis, which allows for recording the micro-Raman spectra in the right-angle

scattering geometry. This gives access to the x(xy)y and y(xy)x Raman spectra allowing

us to determine the missing off-diagonal components from an almost identical sample

scattering volume, yielding finally the full intensity matrix:

In780 =

1.142 0.944 0.973

0.944 1.142 0.973

0.888 0.888 1.133

 . (5.3)
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Figure 5.36: Room temperature Raman spectra of different relaxor or relaxor-based ma-
terials, measured in VV geometry with incident light polarization along [100]pc direction.
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η0 η45
PMN-PT (R-like stripe, Chapter 5.1) 0.53 0.15
PMN-PT (4R-poled state, Chapter 5.8) 0.4 -
PMN-PT (T-like stripe, Chapter 5.1) 0.22 0.5
PFN-PT (a1-domain) 0.09 0.24
PFN-PT (a2-domain) 0.1 0.24
PFN-PT (c-domain) 0.08 0.2
PSN (single crystal) 0.46 0.07
PSN (film) 0.14 0.15

Table 5.4: Comparison of the normalized cross-polarized intensity (depolarization ratio)
η = IHV/(IHV + IVV) of high frequency mode (approx. 800 cm−1) measured in different
lead-based relaxors at ambient conditions. The measurements were performed along
[100]pc direction with polarization oriented along [010]pc or [011]pc (45◦) direction.

Note that this matrix is slightly asymmetric with respect to its diagonal, what may

or may not be an experimental error but it will be disregarded here, so that with the

experimental accuracy one can conclude that this matrix has a pseudocubic form

In780 =

a b b

b a b

b b a

 , (5.4)

with a ≈ 1.4 and b ≈ 0.9. It can be therefore concluded that the anisotropy of the

polarization dependence of this mode is compatible with the expected form of the scat-

tering by the A1 symmetry mode (Equation 2.34), as well as with that of the unresolved

E-symmetry doublet (Equation 2.38).

This result also implies that the above intensity matrix is fully characterized by the

ratio of a and b or, alternatively, by the earlier defined depolarization ratio

η0 =
IHV

IHV + IVV

=
b

a+ b
(5.5)

In order to systematize the results measured in different perovskite materials (mainly

lead-based relaxors) the depolarization ratios of high frequency mode are placed in Ta-

ble 5.4.

Although the symmetry does not impose any particular value to these ratios, it seems

that η0 ≈ 0.5 clearly correlates with the cases when the materials are assumed to be in the

microscopically rhombohedral-like phase. These systematic trends could be of interest

for the future Raman investigations of these materials.
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Figure 5.37: Intensity maps showing the dependence of Raman spectra of samples on the
angle between the transmission direction of the analyzer and one of the in-plane pseu-
docubic axes of the crystal (film). Left panels correspond to HV measurement geometries
while right panels correspond to VV measuring geometry. Investigated materials from
top to bottom: PSN thin film, PSN single crystal, PMN-PT thin film (sample 103a),
PIN-PMN-PT single crystal.
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Chapter 6

Conclusions

This work is almost fully dedicated to relaxor or relaxor-based ferroelectric materials

study based on Raman scattering results. The temperature or angular dependences of

polarized Raman scattering spectra were analyzed in details and important information

concerning vibrational mode assignment, orientation, symmetry phase and domain struc-

ture of studied materials was obtained and discussed.

Investigation of single crystal MPB composition PMN-0.32PT has shown that pro-

cedure of zero-field heating of previously field-cooled sample leads to stabilization of

heterophase pattern with 10-100µm parallel stripes of alternating tetragonal and rhom-

bohedral (rhombohedral-like) phases. The structure appears at a temperature slightly

below TRT but is possible to appear at room temperature. Polarized Raman scattering

measurements from both stripe variants observed and from single-phase samples previ-

ously polarized in different ways confirmed that stripe pattern observed corresponds to

the coexistence of the phases attached to the opposite sides of the morphotrophic phase

boundary.

Another point of interest investigated in PMN-0.32PT is rhombohedral to tetragonal

phase transition induced by electric field. Again at the temperature slightly below TRT it

has been demonstrated that electric field of 30 kV/cm is sufficient to switch the sample

to tetragonal state. Removing the field returns the sample back to rhombohedral state.

The polarized Raman scattering spectra measured in PMN-0.32PT single crystal with

and without electric field are consistent with those measured in dark and light stripes

of lamellar structure respectively. For better evidence the Raman bands intensity ratios

I780/I270 and I570/I510 were used. It has been proved that the parallel polarized intensity

ratio I570/I510 is maximized when polarizers are oriented along the spontaneous polar-

ization in tetragonal phase while in the case of rhombohedral-like phase the direction of
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polarizers along the spontaneous polarization is characterized by the smaller maximum

of this ratio.

A domain structure with 90-degree domain walls has been observed in relaxor based

composition PFN-0.38PT. Adjacent domains were investigated by polarized Raman scat-

tering to confirm their structure and symmetry. Raman active modes were assigned with

the help of the data taken from well-known PbTiO3 tetragonal P4mm structure.

Relaxor ferroelectric PSN has shown different behavior in polarized Raman spec-

tra while studying in the form of single crystal or epitaxial thin film. The normalized

cross-polarized intensity of 810 cm−1 band measured in PSN single crystal show clear

polarization dependence with fourfold symmetry, while in the case of thin film was al-

most independent on the incident light polarization direction. Thus the epitaxial films

of PSN show relaxor behavior, while single crystal form of PSN is found to be in a form

of well-developed ferroelectric phase. Interestingly, similar relaxor-like Raman signature

was found also in PMN-40PT films and in one of the recently very popular PIN-PMN-PT

single crystal.

When investigating the MPB ternary solution PIN-PMN-PT which is known to have

the similar ferroelectric properties as PMN-PT but a wider range of application temper-

atures, a surprising effect was found. It has been shown that photo-induced defects can

be generated by illuminating the sample during the passage through TRT temperature

on cooling. These defects were studied by polarized Raman spectroscopy but no stable

phase change was evidenced there.

Summarizing, all these investigations have proven that polarized Raman scattering

has a great potential as a convenient tool for studying the structural phase transitions

and structural heterogeneity of relaxor ferroelectric crystals.
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Appendix A

Derivation of radiation fields

generated by the Stokes polarization

This Appendix follows closely the derivation of Ref. [1]. Using Maxwell’s equations:

~∇× E +
∂B

∂t
= 0 (A.1)

~∇×H− ∂D

∂t
= J (A.2)

~∇·D = ρ (A.3)

~∇·B = 0, (A.4)

and media equations:

D = εε0E + PS = ε0E + P + PS (A.5)

B = µµ0H = µ0H + µ0M, (A.6)

we can obtain wave equation. Here we assume non-conductive isotropic homogeneous

media that means J = 0, ρ = 0, µ and ε are scalar values, ~∇ε = 0, ~∇µ = 0. Taking rot

of (A.1) and substituting of (A.6) leads to

~∇× ~∇× E + ~∇× µµ0
∂H

∂t
= 0, (A.7)
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then after use of (A.2) is rewritten to

~∇× ~∇× E + µµ0
∂2(εε0E + PS)

∂t2
= 0. (A.8)

We consider the radiation of light by a single Fourier component of the Stokes polarization,

PS exp(−iωSt+ iKS·r), (A.9)

so finally we obtain
~∇× ~∇× E− µµ0εε0ω

2
SE = µµ0ω

2
SPS. (A.10)

The solution has two contributions, the homogeneous part and inhomogeneous part,

E = Eh exp(ikS·r) + Ei exp(iKS·r). (A.11)

The homogeneous part correspond to the free electromagnetic waves of frequency ωS,

which exist in the absence of any Stokes polarization. The solution is obtained by solving

the (A.10) with zero right-hand side and is transverse wave with Eh·kS = 0 and magni-

tude of wavevector k2S =
n2
Sω

2
S

c2
= µµ0εε0ω

2
S. The inhomogeneous part corresponds to an

electromagnetic wave driven by the Stokes polarization, with a wavevector KS imposed

by the polarization and is not necessarily equal to the free wavevector kS. Using the

inhomogeneous part of solution (A.11) and Maxwell equation (A.3) which leads to

~∇·D = iKS·(εε0Ei + PS) = 0, (A.12)

and known relation
~∇× ~∇× E = ~∇(~∇·E)−4E, (A.13)

one will obtain

Ei =
k2SPS − (KS·PS)KS

εε0(K2
S − k2S)

. (A.14)

The relation between two parts of the general solution (A.11) depends on the experi-

ment geometry. Note that wavevector of a plane wave is perpendicular to displacement

field but not always perpendicular to polarization and electric field vectors. For simplifi-

cation we can arrange our experiment in a way that we are interested in a wavevector KS

oriented along Z axis. We also assume a region, where the scattering taking place having

plane borders at z = 0 and z = L, which corresponds to situation when collimated inci-
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dent beam passing the media perpendiculary to direction of z. Using interface conditions

for displacive and electrical fields

n·(D2 −D1) = σ (A.15)

n× (E2 − E1) = 0, (A.16)

one obtains that for z = 0

EX
h + EX

i = 0 (A.17)

and for z = L

EX
h exp(ikSL) + EX

i exp(iKSL) = EX
S exp(ikSL). (A.18)

Use of (A.14) gives

ES =
k2SeS·PS

εε0(K2
S − k2S)

{exp[i(KS − kS)L]− 1}, (A.19)

where eS is a unit vector parallel to ES. The relation between time-averaged intensity of

the light and electric field is

I =
1

2

√
εε0
µµ0

E∗E. (A.20)

To obtain total scattered time-averaged intensity of scattered light all components of ES

should be integrated over frequency range and summed overall wavevectors KS present

in the Stokes polarization (2.6). The result must be also averaged over the fluctuations

in the amplitude of the Stokes polarization:

ĪS =
1

2

√
εε0
µµ0

∑
KS

∫
dωS

∫
dω′S

k2Sk
′2
S 〈eS·P∗S(KS, ωS)eS·PS(KS, ω

′
S)〉

ε2ε20(K
2
S − k2S)(K2

S − k′2S )
×

× {exp[−i(KS − kS)L]− 1}{exp[i(KS − k′S)L]− 1}. (A.21)

Two independent variables with random phases will give zero average product unless they

have the same frequency dependence:

〈eS·P∗S(KS, ωS)eS·PS(KS, ω
′
S)〉 = 〈eS·P∗S(KS)eS·PS(KS)〉ωS

δ(ωS − ω′S). (A.22)
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Derivation of radiation fields generated by the Stokes polarization

This will simplify (A.21) to

ĪS =
1

2

√
εε0
µµ0

∑
KS

∫
dωS

k4S〈eS·P∗S(KS)eS·PS(KS)〉ωS

ε2ε20(K
2
S − k2S)2

×

× | exp[i(KS − kS)L]− 1|2. (A.23)

Using one of the representations of delta-function is possible when (KS−kS)� 2π
L

which

is true for most of the cases:

lim
L→∞

=
| exp[i(KS − kS)L]− 1|2

(K2
S − k2S)2

= 2πLδ(KS − kS). (A.24)

The wavevector summation can be converted to an integration in the usual way:

∑
KS

→ V

(2π)3

∫∫
dKSdΩK2

S. (A.25)

Using (A.23), (A.24) and k2S =
n2
Sω

2
S

c2
= µµ0εε0ω

2
S, the scattered intensity will be:

ĪS =

∫
dΩ

∫
dωSnSV Lω

4
S

µµ0〈eS·P∗S(KS)eS·PS(KS)〉ωS

8π2c
. (A.26)
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Appendix B

Schönflies and international

(Hermann-Mauguin) notations

Crystal system # Schönflies Hermann-Mauguin

Triclinic 1 C1 1

2 Ci 1̄

Monoclinic 3 C2 2

4 Cs m

5 C2h 2/m

Orthorhombic 6 D2 222

7 C2v mm2

8 D2h mmm

Tetragonal 9 C4 4

10 S4 4̄

11 C4h 4m

12 D4 422

13 C4v 4mm

14 D2d 4̄2m

15 D4h 4/mmm
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Schönflies and international (Hermann-Mauguin) notations

Rhombohedral 16 C3 3

17 S6 3̄

18 D3 32

19 C3v 3m

20 D3d 3̄m

Hexagonal 21 C6 6

22 C3h 6̄

23 C6h 6/m

24 D6 622

25 C6v 6mm

26 D3h 6̄m2

27 D6h 6/mm

Cubic 28 T 23

29 Th m3

30 O 432

31 Td 4̄3m

32 Oh m3m
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Appendix C

Orientation of the real space

morphotrophic phase boundary in

PMN-PT

If several orientation states exist in the sample, the mechanical compatibility condition

must be satisfied. It means that each two neighboring orientation states which could be

ferroelastic or ferroelectric domains of the same phase or even of two different phases of

the material, must have an interface with the same in-plane deformation for the both

states. For ferroelectric domain walls it was clearly discussed in [104]. The spontaneous

deformation in orientation state m can be often expressed as:

mekl =
3∑
i=1

bmiklPi +
3∑

i,j=1

Qijkl
mPi

mPj, (C.1)

where bijk and Qijkl are piezoelectric and electrostrictive coefficients respectively.

The change of the length of an infinitesimal vector due to the transition from the

paraelectric phase to the ferroelectric phase is given by:

(mds)2 − (ds)2 = 2
3∑

k,l=1

mekldskdsl (C.2)

The mechanical compatibility requires that any vector ds lying in plane (hkl) separating

two different states changes its length equally due to spontaneous deformation:

(1ds)2 − (ds)2 = (2ds)2 − (ds)2. (C.3)
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Orientation of the real space morphotrophic phase boundary in
PMN-PT

The condition that a vector ds lies in a plane (hkl) is:

hds1 + kds2 + lds3 = 0 (C.4)

With the help of the (C.2), the equation (C.3) is rewritten as:

3∑
k,l=1

∆kldskdsl = 0, (C.5)

where

∆kl = 2ekl − 1ekl. (C.6)

Using the Voigt notation, the components of ∆kl tensor can be represented : ∆1 = ∆11,

∆2 = ∆22, ∆3 = ∆33, ∆4 = 2∆23, ∆5 = 2∆13 and ∆6 = 2∆12. In this case, the equation

(C.5) can be rewritten:

∆1ds
2
1 + ∆2ds

2
2 + ∆3ds

2
3 + ∆4ds2ds3 + ∆5ds1ds3 + ∆6ds1ds2 = 0. (C.7)

For any general orientation (h 6= 0, k 6= 0, l 6= 0):

ds3 = −h
l
ds1 −

k

l
ds2. (C.8)

Then, from (C.7) and (C.8) one can get equations which have to be satisfied for any

compatible domain wall orientation:

∆3

(
h

l

)2

−∆5

(
h

l

)
+ ∆1 = 0, (C.9)

∆3

(
k

l

)2

−∆4

(
k

l

)
+ ∆2 = 0,

2∆3

(
hk

l2

)
−∆4

(
h

l

)
−∆5

(
k

l

)
+ ∆6 = 0.

Here we have three equations for two variables h
l

and k
l
, so the general solution can

not be found. The complete set of solutions and the additional requirements for ∆1−∆6

are described in [104]. The solutions can be divided to three groups, the ones having

a crystallographically prominent wall with a fixed orientation (Wf wall), walls with an

arbitrary orientation (all ∆i = 0), and walls with indices depending on the ∆i values (S

- walls).

108



Orientation of the real space morphotrophic phase boundary in
PMN-PT

PMN-31PT PMN-33PT
C T M C T M

a 4.017032 4.010672 4.019576 4.017939 4.006383 4.019716
b 4.017032 4.010672 4.010672 4.017939 4.006383 4.006383
c 4.017032 4.034276 4.023817 4.017939 4.039575 4.031348
ε11 - -0.0015833 0.0006333 - -0.0028761 0.0004423
ε22 - -0.0015833 -0.0015833 - -0.0028761 -0.0028761
ε33 - 0.0042927 0.0016891 - 0.0053848 0.0033373
ε13 - - 0.0006981 - - 0.0013962

Table C.1: Lattice parameters and strain tensor components of PMN-31PT and PMN-
33PT in cubic, tetragonal and monoclinic phases.

Here the orientations of the phase boundary between the tetragonal and rhombohedral

phase in PMN-PT single crystal will be calculated. As input data, the lattice parameters

measured by synchrotron x-ray powder diffraction reported by Noheda et.al. [51] are

used (see Fig. C.1). For better clarity, all lattice parameters in the cubic, tetragonal

and monoclinic (distorted rhombohedral) phases for the two PMN-PT compositions are

shown in table C.1. Last four rows display components of spontaneous strain tensor for

the corresponding phase. The monoclinic and the tetragonal domains have the same ε22

component of spontaneous strain tensor, thus ∆2 = 0. Furthermore, ∆4 = ∆6 = 0,

because of the absence of the corresponding strain components in both phases. This will

simplify (C.9) to

∆3

(
h

l

)2

−∆5

(
h

l

)
+ ∆1 = 0, (C.10)

k = 0,

limiting the possible domain wall to those parallel with the y axis. Solving the quadratic

equation (C.10) will give two h
l

values for domain wall orientation between monoclinic

and tetragonal domains. Figure C.2 schematically displays the orientations of domain

walls in PMN-31PT (left panel) and PMN-33PT (right panel) by red solid lines. Blue and

black arrows show the directions of the eigenvectors of the corresponding strain tensors

with the biggest eigenvalue. Angles of domain walls and estimated polarization directions

are shown with respect to the axis x. The values of angles are listed in Table C.2.
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Orientation of the real space morphotrophic phase boundary in
PMN-PT

Figure C.1: Temperature evolution of the lattice parameters of PMN-31PT (left panel)
and PMN-33PT (right panel). The lattice parameters of the minority tetragonal phase
between 20 and 300 K have been omitted for the sake of clarity. The dashed line indicates
the MC-T transition temperature. The dotted line represent the TC derived from the
results of Noblanc et al. Ref. [49]. Except when indicated, the error bars are smaller
than or comparable to the symbols [51].

PMN-31PT PMN-33PT
α 34.1 39.3
β 55.9 50.6
γ 70.7 19.3

Table C.2: Angles of domain walls and estimated polarization directions for PMN-31PT
and PMN-33PT (see Figure C.2).
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Orientation of the real space morphotrophic phase boundary in
PMN-PT

Figure C.2: Orientations of domain walls in PMN-31PT (left panel) and PMN-33PT
(right panel) in the xz plane are shown by red solid lines. Blue and black arrows show
the directions of the strain tensor eigenvector attached to its highest eigenvalue in the
tetragonal and monoclinic (rhombohedral-like) phase, respectively.
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